Bodily resonance: Exploring the effects of virtual embodiment on pain modulation and the fostering of empathy toward pain sufferers by Tong, Xin
Bodily Resonance: Exploring the Effects of Virtual 
Embodiment on Pain Modulation and the Fostering 
of Empathy toward Pain Sufferers 
by 
Xin Tong 
M.Sc., Simon Fraser University, 2015 
B.Eng., Beijing University of Posts and Telecommunications, 2013 
Thesis Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
Doctor of Philosophy 
in the 
School of Interactive Arts and Technology 
Faculty of Communication, Art and Technology 
© Xin Tong 2021 




Copyright in this work rests with the author. Please ensure that any reproduction  




Declaration of Committee 
Name: Xin Tong 
Degree: Doctor of Philosophy 
Title: Bodily Resonance: Exploring the Effects of Virtual 
Embodiment on Pain Modulation and the Fostering of 
Empathy toward Pain Sufferers 
Committee: Chair: Cheryl Geisler 
Professor, Interactive Arts and Technology 
 Diane Gromala 
Co-supervisor 
SFU Distinguished Professor, Interactive Arts and Technology 
 Chris D. Shaw 
Co-supervisor 
Professor, Interactive Arts and Technology 
 Dave Fracchia 
Committee Member 
Professor of Professional Practice, Digital Media Program, 
Centre for Digital Media 
 Owen Williamson 
Examiner 
Adjunct Professor 
 Mel Slater 
External Examiner 
Professor 
Department of Clinical Psychology 











Globally, around 20% of people suffer from chronic pain, an illness that cannot 
be cured and has been linked to numerous physical and mental conditions. According to 
the BioPsychoSocial model of pain, chronic pain presents patients with biological, 
psychological, and social challenges and difficulties. Immersive virtual reality (VR) has 
shown great promise in helping people manage acute and chronic pain, and facilitating 
empathy of vulnerable populations. Therefore, the first research trajectory of this 
dissertation targets chronic pain patients’ biological and psychological sufferings to 
provide VR analgesia, and the second research trajectory targets healthy people to build 
empathy and reduce patients’ social stigma.  
Researchers have taken the attention distraction approach to study how acute 
pain patients can manage their condition in VR, while the virtual embodiment approach 
has mostly been studied with healthy people exposed to pain stimulus. My first research 
trajectory aimed to understand how embodied characteristics affect users’ sense of 
embodiment and pain. Three studies have been carried out with healthy people under 
heat pain, complex regional pain syndrome patients, and phantom limb pain patients. My 
findings indicate that for all three studies, when users see a healthy or intact virtual body 
or body parts, they experience significant reductions in their self-reported pain ratings. 
Additionally, I found that the appearance of a virtual body has a significant impact on 
pain, whereas the virtual body’s motions do not. 
Despite the prevalence of chronic pain, public awareness of it is remarkably low, 
and pain patients commonly experience social stigma. Thus, having an embodied 
perspective of chronic pain patients is critical to understand their social stigma. Although 
there is a growing interest in using embodied VR to foster empathy towards gender or 
racial bias, few studies have focused on people with chronic pain. My second trajectory 
explored how researchers can foster empathy towards pain patients in embodied VR.  
To conclude, this dissertation uncovers the role of VR embodiment and dissects 
embodied characteristics in pain modulation and empathy generation. Finally, I 
summarized a novel conceptual design framework for embodied VR applications with 
design recommendations and future research directions. 
Keywords:  chronic pain; virtual reality; virtual embodiment; sense of ownership; 
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In this section, I briefly introduce the reworded definitions of the technical terms 
that are mentioned frequently in this dissertation. The selection criteria of the following 
definitions are from the most cited and accepted research papers adopted the same 
research methods or in the same fields where my research falls under. 
Anterior Cingulate Cortex is the frontal part of the cingulate cortex that resembles a 
“collar” surrounding the frontal part of the corpus 
callosum. It lies in a unique position in the brain, with 
connections to both the “emotional” limbic system and the 
“cognitive” prefrontal cortex (Stevens et al., 2011). 
Augmented Reality is the experience of actual environments that is 
supplemented by digital information in the form of 
images, sounds, and texts (Sumadio & Rambli, 2010). 
Avatar in this dissertation, avatar refers to an electronic image or 
3D model that represents and may be manipulated by a 
computer user (as in a game) (Definition of avatar, 2020). 
Body Image and Body 
Schema 
body image is a conscious image or representation, 
owned, but abstract and disintegrated, and appears to be 
something in-itself, differentiated from its environment. In 
contrast, body schema operates in a non-conscious way, 
is pre-personal, functions (Gallagher, 1986) 
Brain-Computer Interface is a computer-based system that acquires brain signals, 
analyzes them, and translates them into commands that 
are relayed to an output device to carry out a desired 
action (Shih et al., 2012). 
Brachial Plexus Avulsion A brachial plexus avulsion occurs when the root of the 
nerve is completely separated from the spinal cord. This 
injury is usually caused by trauma, such as a car or 
motorcycle accident. More severe than ruptures, 




and usually impossible to reattach the root to the spinal 
cord, avulsions can lead to permanent weakness, 
paralysis and loss of feeling (Brachial Plexus Injury, 
2020). 
Chronic Pain is a time-based definition, and refers to pain that lasts or 
recurs for more than 3 months (IASP, 2011). 
Complex Regional Pain 
Syndrome 
in 1994, the International Association for the Study of 
Pain (IASP) entered the condition into its taxonomy as a 
diagnostic entity. The hallmarks of CRPS as defined by 
IASP include the following: (a) specific injury or noxious 
stimuli, which may include surgery; (b) continued pain 
that is disproportionate to the noxious stimuli or injury, 
including allodynia and hyperalgesia; (c) changes in 
localized skin, including edema and changes in blood 
flow and coloration of the skin; and (d) no specific 
dermatomal or nerve pattern (IASP, 1996). 
Embodied Cognition the emerging viewpoint of embodied cognition holds that 
cognitive processes are deeply rooted in the body’s 
interactions with the world (Wilson, 2002). 
Functional Magnetic 
Resonance Imaging 
is a class of imaging methods developed in order to 
demonstrate regional, time-varying changes in brain 
metabolism. It depicts changes in deoxyhemoglobin 
concentration consequent to task-induced or 
spontaneous modulation of neural metabolism (Glover, 
2011). 
Field of View 
the extent of the observable environment at any given 
time, or the range of what a user can see (Jerald, 2016). 
Gate Control Theory The Gate Theory of Pain, published by Ronald Melzack 
and Patrick Wall in Science in 1965, was formulated to 
provide a mechanism for coding the nociceptive 





Galvanic Skin Response or electrodermal activity (EDA), is an “electrodermal” 
signature of the sympathetic nervous innervation of the 
skin (Nagai et al., 2019). 
Head-mounted Display is a display device, worn on the head or as part of a 
helmet, that has a small display optic in front of one 




is a multidisciplinary field of study focusing on the design 
of computer technology and, in particular, the interaction 
between humans (the users) and computers (Carroll, 
2003). 
Mirror Therapy is the use of a mirror to create a reflective illusion of an 
affected limb in order to trick the brain into thinking 
movement has occurred without pain. It involves placing 
the affected limb behind a mirror, which is sited, so the 
reflection of the opposing limb appears in place of the 
hidden limb. (Ramachandran et al., 1995). 
Motor Execution is the overt and volitional movement associated with body 
movement or activities (Raffin et al., 2012). 
Mixed-Reality is the merging of real and virtual worlds to produce new 
environments and visualizations, where physical and 
digital objects co-exist and interact in real-time (Jerald, 
2016). 
Numerical Rating Scale is a subjective measure in which individuals rate their 
feelings or experience on a point-based numerical scale 
(ScienceDirect Topics, 2020). 
Phantom Limb Pain phantom limb pain (PLP) is defined as pain felt in the 
missing portion of the amputated limb following 
amputation (Limakatso et al., 2019). 
Peripheral Nerve Injury 
a peripheral nerve injury refers to destruction, damage, or 




problem that affects 2.8% of trauma patients annually 
(Hebl, 2007). 
Quality of Life is an overarching term for the quality of the various 
domains in human life. It is an expected standard level 
that consists of the expectations of an individual or 
society for a good life (Quality of Life, 2020). 
Rubber Hand Illusion the Rubber Hand Illusion (RHI) is a tantalizing illusion, 
where the feeling that a rubber hand belongs to one's 
body (feeling of ownership) is brought about by stroking a 
visible rubber hand synchronously to the participant's 
own occluded hand (Rohde et al., 2011). 
Randomized Controlled 
Trial 
is a trial in which subjects are randomly assigned to one 
of two groups: one (the experimental group) receiving the 
intervention that is being tested, and the other (the 
comparison group or control) receiving an alternative 
(conventional) treatment (Kendall, 2003). 
Sense of Agency refers to the sense of having ‘‘global motor control, 
including the subjective experience of action, control, 
intention, motor selection and the conscious experience 
of will’’ (Kilteni et al., 2012). 
Sense of Ownership refers to one’s self-attribution of a body. It has a 
possessive character and it implies that the body is the 
source of the experienced sensations. (Kilteni et al., 
2012). 
Standard of Care a diagnostic and treatment process that a clinician should 
follow for a certain type of patient, illness, or clinical 
circumstance (Definition of Standard of Care, 2020). 
Short-Form McGill Pain 
Questionnaire 
the short-form McGill Pain Questionnaire (SF-MPQ) is a 
shorter version of the original MPQ, and was developed 




sensory subscale with 11 words, and affective subscale 
with 4 words from the original MPQ (Melzack, 1987). 
Visual Analog Scale is a measurement instrument that tries to measure a 
characteristic or attitude that is believed to range across a 
continuum of values and cannot easily be directly 
measured (Visual Analogue Scale, 2020). 
Virtual Embodiment sense of embodiment (SoE) in Virtual Reality. The 
capability of our brain of having a representation of our 
body results in a mental construction composed of 
perceptions and ideas about the dynamic organization of 
our own body, involving vision, touch, proprioception, 
interoception, motor control, and vestibular sensations. 
(Kilteni et al., 2012). 
Virtual Hand Illusion is an illusion that can be induced even in the absence of 
tactile stimulation, simply by manipulating the temporal 
delay between the participant's own movement and the 
movements of the virtual hand on a screen (Ma & 
Hommel, 2015). 
Immersive Virtual Reality 
and Virtual Environment 
is the computer-generated simulation of a three-
dimensional image or environment that can be interacted 
with in a seemingly real or physical way by a person 
using special electronic equipment, such as a helmet with 
a screen inside or gloves fitted with sensors. Virtual 
environment (VE) normally refers to the immersive and 





Chapter 1. Introduction 
1.1. Overview of Research Problems 
Chronic pain affects approximately 20% of people worldwide (Schopflocher et al., 
2011). The International Association for the Study of Pain (IASP) defined chronic pain as 
pain that persists for longer than three months (IASP, 2020). In addition to the physical 
and psychological effects (pain, stress, depression, and distorted body images), the 
emotions and social environments of chronic pain sufferers are also severely impacted 
due to experiences such as stigma and social isolation (Dueñas et al., 2016). Therefore, 
clinicians have developed and tested other alternative treatments, such as yoga and Tai 
Chi, psychotherapy, cognitive behavior therapy, mind-body techniques (mindfulness-
based stress reduction [MBSR], hypnosis), and virtual reality (VR) and augmented reality 
(AR) interventions (Turk, 2002). 
Among non-pharmacological treatments, immersive VR has great promise for 
acute and chronic pain management (Mallari et al., 2019). Although the underlying 
mechanisms of VR pain modulation (or VR analgesia) remain unclear, two primary 
approaches to utilizing it for pain management have been widely studied: attentional 
distraction (directing attention inward to the pain or outward from the pain) and virtual 
embodiment (sense of embodiment in VR). The effectiveness of the attentional 
distraction approach has been validated with evidence from acute and chronic pain 
patients. For instance, many studies by Hoffman’s and Gold’s groups adopted an 
attentional distraction approach to pain alleviation in virtual environments (Gold & 
Mahrer, 2018; Hoffman et al., 2001a, b, c; Hoffman et al., 2011). Although most studies 
that adopted this approach showed significant pain reduction levels during the study 
period, very few studies followed up with the patients after the research in the long-term. 
In other studies, the virtual embodiment approach has also resulted in pain 
alleviation in healthy study participants experiencing pain stimulus through the visual and 
motor feedback of a virtual body (Gilpin et al., 2014; Martini et al., 2014; Martini, 2016; 




Virtual embodiment research was initiated by cognitive scientists who believed 
rubber hand illusion (RHI), virtual hand illusion (VHI), or virtual body illusion (VBI) might 
explain the pain alleviation phenomenon (IJsselsteijn et al., 2005; Petkova & Ehrsson, 
2008; Slater et al., 2008, 2010). RHI refers to the perception of owning a rubber hand 
similar to owning one’s real hand, which was elicited by viewing a co-located rubber 
hand (Botvinick & Cohen, 1998). Similarly, VHI is the feeling of owning virtual hands in 
VR (Slater et al., 2008) and VBI is the feeling of owning the entire virtual body (Slater et 
al., 2010). 
For instance, researchers found that different levels of embodiment and pain 
outcomes can be induced by manipulating the appearance and motion of virtual limbs, 
including their color (Martini et al., 2013), arms’ shapes (realistic arms and abstract 
tubes) (Zanini et al., 2017), skin transparency (Martini et al., 2015), body sizes (Romano 
et al., 2016), and movement states (synchronized and asynchronized) (Martini et al., 
2014; Zanini et al., 2017). However, most of the studies exploring manipulated avatar 
features were conducted by exposing healthy participants to pain stimulus. In a recent 
study, Matamala-Gomez et al. (2019) found that chronic pain participants and healthy 
participants’ pain perception and sense of embodiment did not react similarly to the 
same avatar features. Patients with different types of pain also did not react similarly. 
For instance, increasing the skin transparency decreased pain in complex regional pain 
syndrome (CRPS) patients but did the opposite in peripheral nerve injury (PNI) patients 
(Matamala-Gomez et al. 2019). Further, though the movements of virtual arms can be 
manipulated to regulate the sense of agency (Martini et al., 2014; Zanini et al., 2017),  
only one research has analyzed the potential correlations between agency and pain 
(Käthner et al., 2019). 
Therefore, this dissertation’s first research trajectory focused on utilizing virtual 
embodiment for analgesia and aimed to (1) manipulate avatar features and evaluate 
how they affect pain and embodiment (the sense of ownership and agency); (2) further 
explore the correlations between virtual embodiment and induced pain with a focus on 
sense of agency (SoA); and (3) compare the effectiveness of the virtual embodiment 
approach in managing different types of pain, healthy participants’ induced acute pain, 




Virtual embodiment also holds promise for eliciting empathy towards chronic pain 
too. Despite the prevalence of chronic pain, public awareness of it was remarkably low 
until the opioid crisis that began in the 2000s (Eriksen et al., 2006). Since chronic pain is 
a condition that does not necessarily include amputation, scars, deformities, or the 
objective evidence seen on imaging, it remains mostly invisible to the public. As a result, 
social stigma remains a problem for people who live with this condition (De Ruddere & 
Craig, 2016). Further, stigmatization might reduce patients’ self-esteem and social 
support, leading to isolation; it may also cause negative emotions and issues with well-
being, such as stress and depression (De Ruddere & Craig, 2016). Many researchers 
have been evaluating how digital media can impact the affective and perspective-taking 
aspects of empathy in both clinical and non-clinical settings. Evidence has also shown 
that VR applications (either environments or games) could stimulate a significantly 
higher level of empathy than videos or traditional media forms (Herrera et al., 2018). In 
this dissertation, VR environments refer to applications that don’t have game mechanics 
implemented, but more for therapeutic purposes; while VR games refer to commercial 
titles that has game mechanics but weren’t developed for therapeutic features. The 
immersive and convincing nature of VR has profound effects and may confer meaningful 
benefits to an individual’s cognition or behavior (Slater & Sanchez-Vives, 2016). Despite 
the growing interest in using VR applications to motivate empathy, few studies have 
focused on empathy for people who live with chronic pain. Hence, this dissertation’s 
second research trajectory examined the effect of embodied VR in facilitating non-
patients’ empathy toward chronic pain patients. Moreover, I was keen to explore 
potential design features and recommendations for empathy facilitation in embodied VR 
games. 
In this chapter, I first introduce the background of my research on pain and VR 
and discuss my two research trajectories: (1) utilizing virtual embodiment for analgesia 
and (2) utilizing it to foster empathy toward pain patients. Next, I discuss the research 
questions that informed each trajectory and present an outline of this dissertation. 




1.2. Research Background 
1.2.1. Pain: An Unpleasant Sensory, Emotional, and Social 
Experience   
IASP defined pain as “an unpleasant sensory and emotional experience 
associated with actual or potential tissue damage, or described in terms of such 
damage” (IASP, 2020). Since the 1800s, philosophers and psychologists have put 
forward formal theories, such as specificity theory and pattern theory (Moayedi & Davis, 
2012), to explain how and why people feel pain. In the 1960s, Melzack and Wall (1965) 
published a paper proposing gate control theory (GTC) to explain the mechanisms of 
pain; the theory put forward a biological and physiological theory describing how pain 
signals are processed in the body and perceived by the brain. Then, Melzack and Casey 
(Casey, 1968) added emotional and cognitive aspects to the pain theory. Thirty years 
later, Melzack (1999) proposed the neuromatrix theory, a theory based on neural 
networks that incorporated GCT as well as emotional and cognitive feedback loops all 
together. More recently, Moseley’s (2003) “pain matrix” (p.1) focused more on the 
holistic predictors of pain; this theory arrived late to the field because its development 
relied on advancements in neuroscience. 
The two most important categories of pain are chronic pain and acute pain. 
Chronic pain is defined as persistent or recurrent pain that lasts longer than three 
months (IASP, 2011). Chronic pain affects 20% of people worldwide. Functional 
impairment, distress, and demoralization often accompany chronic pain, making it a 
significant source of suffering and economic burden (Breivik et al., 2013). In this 
dissertation, due to the scope of my research questions, I focus more on chronic pain 
than acute pain.  
Similar to Melzack, Gatchel et al. (2007) proposed a biopsychosocial (BPS) 
approach for pain that suggests it is the result of dynamic interactions among 
physiological, psychological, and social factors. Gatchel’s comprehensive BPS approach 
considers both the health and mental illness of the pain sufferers (Gatchel, 2004), and it 
has been especially influential and useful in contexts of chronic pain (Gatchel et al., 
2007) and mental health conditions (Gatchel, 2005). Initially, it focused on both disease 
and illness and proposed that illness is a complex interaction of three factors: biological, 




this approach to specifically address chronic pain because it is the result of that type of 
dynamic interaction. Although the underlying mechanisms of pain have been frequently 
debated, the implication of GCT and other theories—specifically, the interaction between 
the psychological (or psychosocial) and physiological processes—has been widely 
accepted (Gatchel, 2007). In my research, I utilized Gatchel’s (2007) BPS approach as 
an underlying theory for understanding the modulation process and potential impacts of 
chronic pain. 
Similar to Melzack, Gatchel et al. (2007) proposed a biopsychosocial (BPS) 
approach for pain that suggests it is the result of dynamic interactions among 
physiological, psychological, and social factors. Gatchel’s comprehensive BPS approach 
considers both the health and mental illness of the pain sufferers (Gatchel, 2004), and it 
has been especially influential and useful in contexts of chronic pain (Gatchel et al., 
2007) and mental health conditions (Gatchel, 2005). Initially, it focused on both disease 
and illness and proposed that illness is a complex interaction of three factors: biological, 
psychological, and social (Gatchel, 2004; Gatchel, 2005). Later, Gatchel (2007) used 
this approach to specifically address chronic pain because it is the result of that type of 
dynamic interaction. Although the underlying mechanisms of pain have been frequently 
debated, the implication of GCT and other theories—specifically, the interaction between 
the psychological (or psychosocial) and physiological processes—has been widely 
accepted (Gatchel, 2007). In my research, I utilized Gatchel’s (2007) BPS approach as 






Figure 1.1.Conceptual approach of BPS interactive processes involved in health and illness (Gatchel et al., 
2007). 
1.2.2. Virtual Reality as an Embodied Technology and Virtual 
Embodiment 
The term “virtual reality,” first coined by Jaron Lanier (Wikipedia, 2020), is 
defined as an interactive simulated environment that can provide sensory stimuli that 
range from auditory and visual feedback to haptic feedback (Jerald, 2016). To precisely 
define the VR technology that was created for this dissertation, I differentiated non-
immersive VR from immersive VR. 
Immersive VR refers to 3D environments with immersive visual interfaces (Slater 
& Sanchez-Vives, 2016), such as VR head-mounted displays (HMDs), and immersive 
projections, such as the cave automatic virtual environment (CAVE) system (Cruz-Neira 
et al., 1992). While the former offer 3D graphics that reduce our awareness of the 
physical world, the latter use a 360° field of mapped projections of a room or a helmet, 
thus preserving the perspective of one’s real body or the real-world. In this dissertation, I 
used the term VR referring to immersive VR. 
Non-immersive virtual reality refers to computer-generated 3D environments that 
users can navigate in a virtual space to which their sense of awareness is tethered 




interfaces, such as computer monitors, projectors, and TVs. Immersive 360° 
environments allow participants to feel as though they are inside the environment while 
non-immersive environments only allow participants to see the contents based on how 
the device in use – PC, smartphone, or tablet – is held and moved. According to Ventura 
et al. (2019), the difference between immersive and non-immersive VR can be better 
clarified through the concept of spatial presence, meaning “the sense of being in an 
environment” (Kober et al., 2012). See more in Chapter 2.2.2.1 for details about this 
presence illusion. 
Because of the revolutionary development of hardware devices since 2000 
(Jerald, 2016), VR has been widely adopted in multiple industrial and academic fields, 
including medicine and health, education and training, commercials, entertainment, art, 
and communication (Bailenson, 2018; Dyer et al., 2018; Grau, 2002; G. Riva et al., 
1999; Sveistrup, 2004).  
VR HMDs’ multisensory feedback and powerful technical properties can provide 
the users with a sense of presence. This is the sense of being there, which refers to 
people’s responses to their surroundings and their ability to take action to modify them 
(Slater et al., 2009). Researchers believe that presence is one of the most critical factors 
in VR environments’ elicitation or alteration of people’s perceptions in most VR HMDs. 
This sense of presence is what makes VR a novel medium that immerses all our senses 
and embodies our actions in a virtual world, changing us cognitively and psychologically. 
According to Slater et al. (2009), the sense of presence consists of two primary 
perceptual illusions: place illusion (the sense of being in a place) and plausibility illusion 
(the sense that the depicted scenario is occurring). Later, Jerald (2016) offered a 
refinement of plausibility illusion, breaking it into self-embodiment illusion (the sense of 
embodiment or embodiment presence; the sense of having a body in the virtual world), 
the illusion of physical interaction (the sense of having physical responses that match 
the visual representations), and social communication (social presence; Jerald, 2016). 
Among the four illusions, embodiment illusion, or the sense of embodiment, is the only 
component that considers the impact of the virtual avatar or body (parts) on one’s 
perception. Prior research (Banakou et al., 2013; Bertrand et al., 2018; Gilpin et al., 




allowing them to take the perspective of the virtual avatars. In this dissertation, I mainly 
focus on embodiment illusion and its impact on pain reduction and empathy facilitation. 
When defining the phenomenon of sense of embodiment (SoE) in VR, some 
researchers have followed classic embodied cognition (EC) theory through a cognitive 
science lens (Kirsh, 2013). For instance, some of Bailenson et al.’s (2018) research 
focuses on how being embodied in an avatar results in perceptual or behavioral changes 
across a broad range of topics, including empathy toward a specific population. In these 
studies, the authors adopted EC theory to interpret the outcomes, suggesting that 
cognition is grounded in the body and the body’s relationship to the environment. 
Admittedly, EC theory can be applied to SoE in VR, but it is too general and inclusive to 
further explain its composition. According to Kilteni et al.’s (2012) framework of virtual 
embodiment, a sense of embodiment (or self-embodiment) in VR is the experience or 
feeling of ownership of a body, control over it, and the sense of being inside it. These 
experiences and feelings consist of three subcomponents: sense of ownership (SoO), 
sense of agency (SoA), and sense of self-location. Kilteni et al. deducted these 
subcomponents from an abundant review of previous studies to answer the question of 
how and to what extent a person can experience a virtual body in a virtual environment 
as their own. In this dissertation, I mainly focus on SoO and SoA, as they are the primary 
attributes affecting people’s perception of and cognition related to a virtual body. 
1.2.3. VR Analgesia as Non-Pharmacological Therapy 
 VR has been used for pain management for over two decades, and mounting 
evidence supports its effectiveness in pain modulation. Since the 1990s, Hoffman’s 
research group has been conducting a series of studies and has convincingly 
demonstrated that immersive VR is an effective way to manage attention as a form of 
pain distraction, especially in the contest of acute pain (Hoffman et al., 2000; Hunter G. 
Hoffman et al., 2001a, b, c; Hoffman et al., 2011). In addition to assisting burn pain 
patients, VR distraction has also been proven to have an effect in other acute medical 
conditions, such as in interventions for cancer pain patients (Schneider et al., 2004), IV 
placement (Gold et al., 2006), wound care procedures (McSherry et al., 2018), and 
pediatric blood draw procedures (Gold & Mahrer, 2018).  
Although the mechanisms of chronic pain differ from acute pain, researchers 




chronic pain patients, and the results revealed temporary pain reductions after the study 
interventions (Amin et al., 2017; Choo, 2015; Hua et al., 2015; Ng et al., 2018; 
Simmonds, 2008; Wiederhold et al., 2014). Intriguingly, in addition to their examinations 
of attentional distraction in VR environments, Gromala et al. (2015a) and Oneal et al. 
(2008) addressed and represented pain in the virtual environment and explored pain 
self-control (self-management) to help the participating patients direct their attention to 
the pain itself (via MBSR or hypnosis strategies). In addition to measuring pain levels 
from self-reported questionnaires, Hoffman et al. (2003) moved further by designing an 
fMRI-friendly VR headset, and then scanned healthy participants’ brains while inducing 
pain (Hoffman et al., 2004). The authors’ fMRI data revealed that pain-related brain 
areas are less active after VR than before.  
Gold et al. (2007) and Li et al. (2011) undertook a literature review to analyze the 
neurological implications of VR for pain attenuation, and they also explored potentially 
relevant mechanisms that cause pain. They agreed on the attentional distraction and 
emotional changes achieved by VR as well as the potential brain area changes that 
caused reductions in pain sensation based on the gate control theory of pain. Thus, VR 
can be used as a powerful pain control technique and tool so that patients can manage 
and alleviate acute or short-term pain. However, it is not yet known if the analgesic 
effects of VR persist beyond the sessions. Factors that influence the effectiveness of the 
analgesic effect include presence levels (Hoffman et al., 2004, Triberti et al., 2014) and 
other psychological aspects, such as feelings of fun or anxiety (Triberti et al., 2014). 
In the virtual embodiment approach, the VR environment only shows a virtual 
avatar (or body) from the first-person perspective; it is not a 360-degree animated 
environment without virtual avatars. Researchers have investigated various visual 
presentations of virtual bodies and how pain is affected by the same avatar features 
relevant to the efficiency of the analgesic approach and, focusing on SoO, if a sense of 
embodiment correlates with pain. Such VR environments provide opportunities for 
people to map their body image onto a virtual character by creating a mental model of 
their bodies and eliciting an SoO (or SoA) based on that virtual body. Slater and 
Sanchez-Vives’ research group believes that having an SoO over virtual avatars 
alleviates heat-induced pain, also known as the analgesic effect of virtual hand illusion, 
similar to the analgesic effect of rubber hand illusion (Martini et al., 2014; Martini et al., 




However, virtual embodiment studies have been largely conducted by exposing 
healthy participants to pain stimulus. Findings have suggested that if a person’s avatar 
looks similar to their real body (for example, its size and pigment), different types of pain 
are experienced in different ways (Matamala-Gomez et al., 2019). For instance, 
Matamala-Gomez et al. found that complex regional pain syndrome (CRPS) patients’ 
pain ratings decreased while the virtual avatar’s skin transparency increased, but 
peripheral nerve injury (PNI) patients experienced an opposite tendency in pain 
(Matamala-Gomez et al. 2019).Prior research found that many chronic pain patients 
have distorted body images when compared to healthy people (Gilpin et al., 2015). The 
conscious sense of one’s body, or body image, is often taken for granted, but it is 
disrupted in many clinical states, such as phantom limb pain (PLP) and CRPS. Few 
virtual embodiment studies have been conducted with such chronic pain patients, and 
some evidence has revealed that unhealthy patients in certain VR embodiment 
conditions experience pain differently than the simulated pain induced in healthy 
participants (Martini et al. 2015; Romano et al., 2016; Matamala-Gomez, Diaz Gonzalez, 
et al., 2019). In other words, when seeing the same visual conditions, chronic pain 
patients appear to have different responses, possibly based on the kind of chronic pain 
they have.  
The other challenges virtual embodiment research faces are that prior studies 
mostly manipulated avatar features and evaluated the correlation between SoO and 
VR’s analgesic effect. However, how SoA may affect VR’s analgesic effect is still under 
investigated. Therefore, one of my research trajectories is to further explore the 
association between virtual embodiment and induced pain with a focus on SoA; how the 
VR environment and avatar design features affect VR analgesia and are significant to 
informing future VR environment development and design. 
Manipulating the avatar features of virtual bodies or body parts, such as their 
size, skin transparency, and movements, has been shown to offer analgesic effects to 
healthy people under pain stimulus as well as patients with chronic pain. Researchers 
have suggested that virtual embodiment is one of the potential causes of avatar-
mediated analgesic effects, focusing on virtual hand and body illusion, or the SoO of the 
presented body or body parts (Gilpin et al., 2014; Käthner et al., 2019; Martini et al., 




varied effects on or correlations to pain modulation, which may also depend on pain 
types (Matamala-Gomez et al., 2018).  
Therefore, I investigated two avatar features of virtual arms—visual realism 
(realistic arms versus abstract tubes) and motion states (synchronous versus static)—
and explored how the induced ownership and agency further correlated with pain 
modulation. I recruited 18 healthy participants and 12 CRPS patients in two separate 
studies to reveal the influence of pain etiology on the same set of avatar features. In both 
studies, self-reported pain ratings and embodiment scores were evaluated.  
1.2.4. Virtual Reality: The Ultimate Empathy Machine? 
In a TED Talk, Milk (2015) proposed that VR is “ultimate empathy machine” 
(2:27), and this phrase was later adopted by researchers because the technology has 
the effect of evoking people’s emotional engagement in their responses to virtual content 
(Bevan et al., 2019). Embodying an avatar from a first-person perspective leads to 
changes in cognition and perception; known as “perspective-taking” (Loon et al., 2018; 
Parsons, 2015). This occurs when people perceive a situation or understand a concept 
from another person’s or group of people’s point of view. For instance, embodying 
participants in a dark-skinned avatar from the first-person perspective led to a reduction 
of implicit racial bias (Peck et al., 2013), which was sustained over time (Banakou et al., 
2016). However, other researchers have opposite opinions that against empathy, such 
as Bloom. He argued that rational compassion is more helpful for facilitating prosocial 
behaviors than empathy (Bloom, 2016).  
As discussed in Chapter 1.2.2, VR has been proven to generate self-embodiment 
illusions, including SoO and SoA over virtual bodies with different genders, races, ages, 
and other visual characteristics (Bailey et al., 2016; Banakou et al., 2013, 2016; Lopez et 
al., 2019). Several studies have shown that when people are virtually embodied or 
represented online with a virtual body that differs from their own, they exhibit behaviors 
concomitant with the attributes of that body. Yee (2007) referred to this as the Proteus 
effect. Among other things, when people have a virtual body with a more attractive face 
than their real one, their social-spatial behavior alters—specifically, they stand closer to 
virtual representations of other people than they do if the virtual face is less attractive. 
Additionally, people will become more aggressive in negotiations if they are embodied in 




VR has also been developed as a training tool for medical education purposes 
because healthcare practitioners and providers require high empathy levels to effectively 
work with patients. Researchers simulated the interactive VR experiences of people with 
dementia and mental illness to improve their caregivers’ understanding of this disease 
(Jütten et al., 2018; Lindsay et al., 2012; Wijma et al., 2018). Overall, researchers found 
that VR enhanced participants’ empathy levels and understanding of these medical 
problems. However, no VR environments were created to simulate the experience of 
chronic pain or foster the understanding of how it presents chronic pain patients with life 
challenges and social stigma. This research gap motivated me to further explore how 
embodied VR can be designed for understanding pain. 
1.2.5. Section Summary: VR Technology and Embodiment and 
Research Framework 
Here, I summarize section 1.2, Research Background, and further discuss the 
interrelationships and connections between my two research trajectories—VR and 
analgesia and VR and empathy—to present the logical flow of my research problems 
and the experiments mentioned in the later chapters. First, I reviewed the definitions, 
characteristics, and problems of chronic pain and the models scholars have utilized to 
understand the composition of chronic pain. Next, I focused on VR and discussed how it 
works as a simulated and embodied technology that is powerful enough to induce the 
four types of perception illusions, including virtual embodiment. Following the 
explanation of virtual embodiment, I introduced the background and research problems 
that inform my research trajectories. 
As shown in Figure 1.2, this dissertation aims at researching the three main 
issues experienced those with chronic pain: biological, psychological, and social (i.e., 
from the three aspects in the BPS conceptual model). The first research trajectory about 
VR and pain targets people in pain to provide methods for alleviating pain while the latter 
research trajectory about VR and empathy targets healthy people to build empathy and 
reduce the social stigma problem of pain patients. In my first research trajectory, the 
targeted audience was people in pain who saw a healthy virtual avatar with the purpose 
of developing their pain self-modulation. The visual and movement conditions of the 
avatar were investigated as factors that may impact VR’s analgesic effects. The second 




in the second trajectory, my participants were non-patients who saw the unhealthy virtual 
avatar of a chronic pain patient. My primary focus was to understand if being embodied 
in an avatar in the context of a narrative game affects people’s empathy toward pain 
patients. Figure 1.2 illustrates the frameworks for this dissertation’s research domains. 
 
Figure 1.2 Framework for research domains. 
1.3. Research Questions 
Here, I summarize the research questions in my two trajectories to address the 
research gaps identified in Subsection 1.1, Research Problems, and to better 
understand and investigate the effects of virtual embodiment on pain reduction and 
empathy generation. My overarching research questions are: how can virtual 
embodiment affect people’s perception of pain and address the BPS challenges that 
chronic pain patients face? Can a virtual embodiment approach effectively (a) support 
pain patients in modulating their pain and (b) stimulate empathy toward pain patients’ 
conditions? What are the potential correlations between embodiment and pain levels 
and between embodiment and empathy levels? Below, each trajectory’s specific 
research questions are presented. 
1.3.1. Virtual Embodiment and Pain 
My first research trajectory explores the mechanics of how avatar features 




twofold: first, to examine the effects of avatar features, such as the look and movement 
of virtual bodies, on pain perception; second, to research the associations between the 
elicited sense of embodiment and pain perception, with a focus on agency. Further, I 
wanted to understand if pain types affect the outcomes of embodiment and the 
effectiveness of VR analgesia by comparing healthy subjects under pain stimulus to 
chronic pain patients. Therefore, my research questions for virtual embodiment and pain 
trajectory are: (1) what are the effects of avatar features on embodiment and pain 
modulation? (2) What are the correlations between embodiment and pain? (3) How do 
healthy participants under pain stimulus and chronic pain patients respond to 
manipulations of the same avatar features? In answering these questions, my 
overarching goal was to provide inspiration for research on virtual embodiment’s 
implications for pain modulation and inform the design of future VR environments to 
improve their effectiveness in pain modulation. 
As a first step, I focused on how heat-induced pain might be affected by different 
VR visual conditions. The next step was to develop a controlled strategy for assessing 
the potential effects of virtual embodiment among chronic pain patients with different 
pain types. It necessarily required more emphasis on patients’ responses than on 
inductions of precise pain-inducing stimuli because inducing more pain in a chronic pain 
patient can lead to adverse outcomes, such as pain catastrophizing, anxiety, or panic 
attacks (Gatchel et al., 2007). A more specific subset of questions is listed below. 
(1) Virtual embodiment and the induced pain of healthy participants. How do the 
movements (synchronous and asynchronous movement conditions) of virtual arms affect 
healthy participants’ perception of heat-pain stimulus? Is there any correlation between 
the sense of virtual embodiment (SoO and SoA) and pain? 
(2) Virtual embodiment and CRPS. How do movements (synchronous and 
asynchronous movement conditions) and the appearance (abstract tubes and realistic 
arms) of virtual arms affect CRPS patients’ pain? Is there any correlation between the 
sense of virtual embodiment (SoO and SoA) and CRPS patients’ pain? The reason I 
chose CRPS patients is that Prior studies showed that viewing pictures of healthy hands 
or mirror therapy can reduce CRPS patients’ pain, but these approaches are not as 
immersive and embodied as a VR experience. Moseley et al. (2005) found that CRPS 




decreased tactile acuity with direct correlation between body perception and pain. Thus, 
I’d like to know how viewing different appearances of a virtual body might affect their 
estimation of pain. Further, Matamala-Gomez et al. (2019) also assessed CRPS 
patients’ pain reduction in different virtual embodiment conditions, the virtual arms’ size, 
and transparency levels. I’d like to build upon their research and continue researching 
the effect of appearance (tube and arm shapes) and motion (synced and static) on 
CRPS patients’ pain levels. 
(3) Virtual embodiment and PLP. Can PLP patients reduce their pain when 
seeing the virtual avatar’s phantom limb mirror the movement of the intact limb? Is there 
any correlation between the sense of virtual embodiment (SoO and SoA) and PLP? I 
recruited PLP patients because it’s a special type of chronic pain, defined as painful 
sensations perceived in the missing portion of the amputated limb, and it’s challenging to 
cure. Prior studies suggested that feeling the sense of ownership of a mirror or virtual 
hand can affect one’s PLP perception. Researchers found that mirror movement in VR 
also successfully reduced PLP and findings suggest that feeling embodied in a body 
may be critical to PLP reduction. Therefore, I'd like to further explore how embodied VR 
affects PLP, and the potential relationships between embodiment and PLP changes. In 
Chapter 4.2, we included patients whose PLP were caused by limb amputation AND 
brachial plexus avulsion injury (BPA), because our BPA patients also felt PLP as 
diagnosed by healthcare professionals. 
(4) Virtual embodiment, etiology, and pain. How does pain etiology affect virtual 
embodiment’s analgesic effects? In other words, do the avatar features deployed in this 
research (movements and visuals) affect different populations in the same way? Do 
healthy participants feel different levels of embodiment than chronic pain patients with 





Figure 1.3 Map of research questions and conceptual framework of the VR and pain research trajectory. 
1.3.2. Virtual Embodiment and Empathy 
For the second research trajectory, my primary goal was to investigate the 
effectiveness of using an embodied avatar to stimulate non-patients’ empathy toward 
chronic pain patients. Moreover, I have extracted potential design features and 
recommendations from this study for use in future VR applications that aim to stimulate 
empathy using an embodied avatar.  
The specific research questions are:  
 (1) With what approaches can chronic pain be presented in a virtual avatar? 
(2) Does being embodied in a chronic pain patient’s avatar effectively stimulate 
healthy participants’ empathy toward chronic pain patients? If so, is there any correlation 
between the sense of virtual embodiment (SoO and SoA) and healthy participants’ 
empathy levels? 
(3) What design features can stimulate healthy participants’ empathy toward 
chronic pain patients? 
1.4. Outline of the Dissertation  
This PhD dissertation structure is shown in Figure 1.4 below. 
Chapter 1. Introduction. I began with an overview of my research problems 




embodiment, and pain to situate those research problems. I listed my research 
questions and outlined the dissertation. Finally, I concluded this chapter with the 
contributions of this dissertation. 
Chapter 2. Virtual Reality and Pain Alleviation. In Chapter 2, I carried out a 
narrative review in VR research and studies on pain alleviation. I discuss the pain 
distraction approach and its analgesic effects. Then I introduce the related embodied 
pain modulation interventions, such as mirror therapy, RHI, and graded motor imagery 
interventions. These phenomena help reveal the underlying mechanisms of utilizing 
virtual embodiment for pain modulation. In reviewing pain distraction and virtual 
embodiment approaches, I summarize the studies’ methodologies to differentiate these 
two methods and detail the landscape of existing research. Finally, I categorize what the 
literature views as the potentially impacting factors on VR analgesia, and I give an 
overview of the existing theories that explain it. 
Chapter 3. Virtual Embodiment and Pain Alleviation: Studies with Healthy 
Participants Experiencing Pain Stimulus and CRPS Patients. In Chapter 3, I 
describe two separate experimental studies involving healthy people experiencing pain 
stimuli and chronic pain patients with CRPS. I further analyze the correlations between 
embodiment (ownership and agency) and pain to answer the research questions in my 
first research trajectory. I put these two studies together because they share similar 
study objectives, methods, and procedures. The only difference was the type of pain 
participants experienced. Comparing these two groups, I further discuss the potential 
effect of pain types on the study outcomes. 
Chapter 4. Alleviating Phantom Limb Pain in VR: The Landscape and a New 
Attempt. In Chapter 4, the focus shifts to another type of chronic pain—PLP—which is a 
special type of pain that patients feel pain when they damage or lose a limb. Mirroring 
the movements of the impaired virtual limb in VR with the intact real limb has been 
shown to successfully reduce PLP. Nevertheless, few studies have explicitly measured 
the potential effects of embodiment on PLP modulation. Therefore, in this chapter, I 
explore the correlation between PLP patients’ embodiment and pain changes. I present 
a literature review that analyzes the embodiment approaches of VR or AR studies, their 
methods, and their findings. The review results led to a more solid study design for the 




Chapter 5. Virtual Embodiment and Empathy. Similar to Chapter 2, in Chapter 
5, I review embodied VR environments and their applications in the development of 
empathy. First, I discuss the general frameworks and dimensions needed to understand 
empathy, how embodied technology has been developed to foster it, and the reasons 
the technology works. Then I review the literature and present different scenarios and 
cases in which VR was used to foster empathy toward vulnerable populations. Last, I 
focus on utilizing embodied VR environments and other embodied digital platforms to 
foster empathy toward chronic pain patients, and this situates the background of my 
second research trajectory. 
Chapter 6. Virtual Embodiment and Fostering Empathy toward Pain 
Patients. Chapter 6 consists of two studies on the iterative design-research process of 
an embodied VR game called AS IF. The purpose of AS IF is to foster non-patients’ 
empathy toward patients with chronic pain. I started off from a proof-of-concept 
prototype in which participants were put in the shoes of a chronic pain patient from a 
third-person perspective. In the first version, participants’ movements were captured to 
carry out motion-related tasks, such as connecting dots to complete the game’s narrative 
story. With participant feedback from the pilot study, I iterated the game features and 
evaluated the new version in a second study. The narrative component was kept, but I 
altered participants’ view from the third-person to the first-person perspective, and I 
changed the game tasks from puzzle solving to direct object manipulation. Finally, in this 
chapter, I propose design recommendations for creating empathetic and embodied VR 
applications for patients with chronic pain.  
Chapter 7. Embodied Design in VR for Analgesia and Empathy. In Chapter 7, 
I summarize the significant findings of both research trajectories. I conclude by 
highlighting this dissertation’s primary contributions to VR and embodiment research, 
especially for modulating pain and fostering empathy. Building on the literature, I also 
discuss my studies’ results, the theories that explain their outcomes, and the studies’ 
limitations. This dissertation’s findings raise more questions for future research. 
Therefore, I propose follow-up research questions for both trajectories as well as 





Figure 1.4 Dissertation outline diagram. 
1.5. Dissertation Contributions 
My dissertation examines the roles of VR in resolving the physical, psychological, 
and social challenges pain patients experience, and it offers an empirical understanding 
of how virtual embodiment affects patients’ pain and others’ empathy toward pain 
patients. This includes two main parts. First, this dissertation explores how an avatar’s 
different avatar features (motions and appearance) can affect a person’s sense of 
embodiment and pain reduction; it does so by consolidating three studies involving 
healthy subjects experiencing heat-induced pain, CRPS patients, and PLP patients. The 
insights from these three studies can help shape our scholarly understanding of how 
people in different types of pain respond to avatar features as well as how VR 




people analgesic benefits. Second, this dissertation acknowledges the social stigma that 
pain patients face, and it includes a design thinking process to create an embodied VR 
game people can use to better understand patients’ invisible pain. Two rounds of 
iterative evaluations suggested practical ways of communicating pain with non-patients, 
leading to design recommendations and implications for future research.  
Results from both trajectories also highlight the value and benefits of embodied 
VR for pain self-management and empathy. With its focus on a marginalized population, 
my dissertation contributes to the discourse of treating chronic pain. Often, chronic pain 
is challenging to cure and difficult to understand. This dissertation provides experimental 
findings as strong evidence to support technological solutions for people living with 
chronic pain. 
To conclude, the findings from this dissertation contribute to the computer 
science and cognitive science areas, more specifically, the interdisciplinary fields of VR 
for pain management and empathy facilitation. VR developers and researchers will gain 
greater insights as well as actionable design recommendations from this research in 
designing proper embodiment features for pain and empathy. Cognitive scientists in pain 
and empathy could benefit from the data and its analysis of the three pain-related 
studies and the two empathy practices. The framework proposed in the last chapter also 
provides a clear flow of the potential underlying mechanisms of how VR works for pain 
and empathy for future studies to follow. My work contributes a new approach for HCI 
researchers, as it explores the roles of embodied VR in altering people’s perceptions 
and behaviors. The conceptual framework also exemplify how researchers can look 
beyond the bounds of embodiment illusions, and look at the other three illusions (see 
Chapter 7.4.3). This work extends virtual embodiment from its three subcomponents to a 
broader design framework for pain management and empathy. Further, I examine 
underlying theories to explain the effect of virtual embodiment on these changes. This 
holistic research lens has allowed for a far more complete understanding of virtual 




Chapter 2. VR and Pain Alleviation  
In this Chapter, I adopted a narrative review approach to explore the research 
background of VR and pain alleviation. Immersive VR was introduced to the field of pain 
management at the beginning of the 21st century. Growing evidence has demonstrated 
its effectiveness in pain modulation, which is known as VR analgesia, but how and why it 
works are unclear. Further, few studies have discussed the factors impacting VR 
environmental design and how the two existing approaches to VR analgesia differ from 
each other. The approaches are detailed immediately below.  
Attention distraction. This is the channeling of one’s attention into an 
immersive VR environment and is particularly relevant to acute pain patients (Bidarra et 
al., 2013; Gold et al., 2005; Wiederhold et al., 2014). It can also be thought of as 
focusing one’s attention inward to the pain. It can be combined with other cognitive 
therapies, such as mindfulness meditation and controlled breathing, that have been 
proven to help chronic pain patients self-manage their pain (Gromala et al., 2015). 
Virtual embodiment occurs when a person sees a virtual body or has an SoO 
over one, and it can alleviate pain, especially that induced in healthy subjects (Martini et 
al., 2014). SoO is independent of pain, and prior research has been mostly exploring the 
potential effect of virtual body’s motion and appearances on pain, or the correlations 
between SoO and pain (Käthner et al., 2019; Martini et al., 2013, 2015; Zanini et al., 
2017). 
 




This chapter is organized as follows: I review the literature on both approaches, 
including study methodologies, research instruments, and materials. I also analyze 
factors that impact VR analgesia. Additionally, I explore the types of embodiment illusion 
used in pain-related behavioral-cognitive interventions, including mirror therapy, RHI, 
and virtual body illusion, as well as the various explanations of their analgesic effects 
that inform our understanding of virtual embodiment’s effects on pain.  
To set up this dissertation’s theoretical framework, this chapter seeks to answer 
the following questions inspired by the literature: what are the approaches to VR 
analgesia? How has each approach been practiced in research settings? What is virtual 
embodiment, and what role does it play in pain modulation? What theories inform VR 
analgesia, and what factors affect it in practice? 
2.1. Distraction in VR for Pain Alleviation 
2.1.1. Prior Research 
   At the turn of the 21st century, Hoffman’s research group began studying VR’s 
relevance to pain distraction in a virtual environment called SnowWorld (Hoffman et al., 
2001a, b, c, 2008, 2011). They first explored whether immersive VR environments 
reduce burn pain patients’ acute pain, and their results showed significant improvement 
in patients’ self-reported pain ratings. Because processing pain signals requires 
conscious attention and an individual has only a finite amount available at any given time 
(Villemure & Bushnell, 2002), Hoffman et al. (2000) hypothesized that immersive VR 
could compete with pain for limited cognitive resources and thus reduce pain levels. In 
other words, the authors thought that VR could draw the patient’s focal spotlight into a 
virtual world, providing an intense immersion and shifting the patient’s awareness away 
from their pain. Since then, Hoffman’s group and other researchers (Das et al., 2005; 
Gold et al., 2006; Hoffman et al., 2007, 2011; Wiederhold et al., 2014; Chan et al., 2019) 
have pursued a series of clinical VR attention distraction studies. Hoffman et al. 
conducted a series of studies to understand if VR could provide better analgesia effect 
than other media distraction, and his group found that participants felt great perceptual 
and multisensorial intensity in VR environments that watching movies or playing games 
can’ offer (Hoffman et al., 2001a, b, c; Hoffman et al., 2004). Also, Gold et al. compared 
the effect of pain reduction of the same game in immersive VR and in a 2D screen, and 




Mahrer, 2018). However, most research didn’t follow up after the one-session lab 
intervention. Further, the VR environments have seldom included an avatar that patients 
can embody. 
Similarly, directing attention inward in order to self-control pain can result in 
significant pain alleviation after the VR intervention than before, which is also called pain 
self-control or self-modulation). For instance, Gromala et al. (2015) evaluated how 
directing patients’ attention to real-time audio-visual feedback in VR affected pain and 
found that chronic pain patients’ pain levels decrease. The pain levels were visualized as 
fog, the thickness of which correlated with the intensity of pain. However, no study has 
yet compared the efficacy of directing attention inward into one’s body rather than 
outward into the environments. 
Gold et al. (2007) and Li et al. (2011) analyzed the neuroscience of using VR for 
pain attenuation by conducting literature reviews to search for relevant pain 
mechanisms. The authors agreed on the attentional distraction and emotional changes 
achieved by VR and that the brain changes leading to reductions in pain sensations can 
be explained by the ascending and descending pain pathway systems. Gold et al. 
hypothesized that the emotional component of VR might further modulate pain by means 
of the connections between the amygdala, the ACC, and the periaqueductal gray (PAG). 
Additionally, Hoffman et al. (2004) designed an fMRI-friendly VR headset and 
scanned healthy participants’ brains after using heat to induce pain. The fMRI data 
revealed that the pain-related brain areas (the anterior cingulate cortex, primary and 
secondary somatosensory cortexes, insula, and thalamus) were less active in the 
posttest condition than in the pretest condition. 
In general, VR has shown great potential for patients seeking to manage or 
alleviate acute pain or chronic pain over the short term. However, it is not yet known if 
the pain distractive effect persists beyond the VR sessions or how long it lasts because 
very few studies (Ambron et al., 2018; Ortiz-Catalan et al., 2016) followed up with their 
participants once completed.  
Beyond not knowing its long-term effects, the attention distraction approach has 
a few limitations. The VR games evaluated in research studies are either commercial 




interactions to SnowWorld (e.g. throwing balls on a moving trail), thus producing similar 
outcomes (Wiederhold et al., 2014; Choo, 2015; Gromala et al., 2016; Jin et al., 2016). 
Further, current VR attention distraction studies have low evidence levels. Their data are 
considered high risk because of the studies’ small sample sizes, novelty effects, and 
placebo effects. They are also characterized by short-term interventions that do not 
include follow ups as well as a lack of strong biological evidence. Measuring brain 
changes using fMRI data is expensive, time consuming, and complicated when 
participants need to wear an HMD. Still other studies have arrived at conflicting 
conclusions. To verify the effectiveness of VR analgesia, more evidence needs to be 
gathered to resolve three problems:  
(1) most studies have been based on short-term interventions, and follow ups or 
long-term interventions are needed;  
(2) the determining factors of VR analgesia are less investigated, as most studies 
utilized dated VR environments or commercial games, and more modern, 
bespoke interventions are required. Two reasons support explorations in this 
direction: (1) most of the results from prior studies were based on older version of 
VR environments. For instance, SnowWorld was initially designed for burn pain 
patients but later adopted in other situations, such as dental pain, heat-pain, and 
so on. In other words, most studies don’t use VR that are specifically designed 
for a specific treatment modality. Further, (2) Technology advances so fast and 
the look and feel of VR environments constantly change; and 
(3) most studies have lacked physiological evidence or proof of brain changes, 
such as fMRI or EEG data, which are needed to generate more robust evidence. 
Although no clear biomarkers of pain, there are compelling arguments that fMRI 
or EEG data may indicate neuroplasticity changes in the brain. 
2.1.2. Research Methods 
Here, I summarize the common research methods adopted in most VR pain 
distraction studies from study design, VR content, and instruments aspects. 




Before-and-after pilot studies with no control groups. Some studies used 
before-and-after comparisons to assess how VR environments or games impact 
participants’ pain ratings, e.g., (Hoffman, Richards, et al., 2004; Gold et al., 2005; 
Shahrbanian et al., 2009; Hoffman et al., 2011). In these cases, only the VR experiment 
conditions were evaluated. For instance, some of Hoffman’s studies evaluated VR 
interventions in a single experimental condition without control conditions (Li et al., 2011; 
Hoffman et al., 2004). The drawback was that this study’s positive findings could have 
resulted from a novelty or placebo effect. This type of study is mostly seen in pilot or 
feasibility studies or experiments with PLP patients or those suffering from other types of 
chronic pain, as such patients are rare and hard to recruit. 
Case studies or case series with a few participants. Case studies refer to in-
depth or intensive studies of a single individual or specific group, whereas case series is 
a grouping of similar case studies. When participants are difficult to recruit in pain and 
VR research or researchers want to validate proof of concept and the technology’s long-
term feasibility and effectiveness, case studies or case series were generally conducted 
(Gershon et al., 2003;  Hoffman et al., 2001a, c; Steele et al., 2003). The most 
commonly published case studies involved certain groups of chronic pain patients, 
particularly PLP patients (Ambron et al., 2018; Chau et al., 2017; Ortiz-Catalan et al., 
2014). Researchers chose to conduct case studies instead of regular controlled 
experiments because PLP patients’ mobility issues prevented their participation. 
Randomized control trials. Hoffman et al. (2003) began by conducting a 
preliminary study with a small group of participants in which they tried all conditions (the 
within-subjects approach) or only one condition (the between-group approach). 
Recently, more and more studies have run randomized control trials (RCTs) and 
compared two or three VR conditions with a control condition to prove the analgesic 
effect of VR systems (Chan et al., 2019; Das et al., 2005; Gold & Mahrer, 2018; Jin et 
al., 2016). 
2.1.2.2. Study Materials: VR Content 
Research prototypes. Most researchers have used self-developed research 
prototypes, e.g., (Hoffman et al., 2011; Choo, 2015; Gromala et al., 2016), while a few 




2017; Montano, et al., 2011). Among all VR research prototypes, the earliest and most 
well-known is Hoffman’s SnowWorld, which has been assessed multiple times (Hoffman 
et al., 2001b, c, 2004, 2011, Mühlberger et al., 2007).  Their prototypes have also been 
evaluated for their effects on pain modulation, including SurrealWorld (Gutierrez-
Martinez et al., 2010), SpiderWorld (Carlin et al., 1997), Dante’s Valley (Mühlberger et 
al., 2007), Virtual Meditative Walk (Gromala et al., 2015a), Mobius Floe (Gromala et al., 
2016), and various movie clips.  
Commercial titles. Numerous VR companies have developed commercial 
games in different genres for pain management purposes, including Firsthand (Firsthand 
Technology, 2020), AppliedVR (AppliedVR, 2020), Virtual Therapeutics (Virtual 
Therapeutics, 2020), and KarunaLabs (Karuna, 2020). AppliedVR, for example, has 
developed interactive exploration games, breath-training applications, mindfulness 
applications, and relaxation applications, while FirstHand developed an interactive 
exploration game called COOL! and a breath-training application called GLOW. The 
companies conducted scientific studies themselves or with clinical partners to prove the 
effectiveness of their products, but few of their studies investigated how environmental 
design factors affect the games’ analgesic effects. 
2.1.2.3. Study Instruments 
Self-reported pain ratings are generally used to measure study outcomes, and 
researchers usually adopt more than one rating to validate them. The Short-Form McGill 
Pain Questionnaire (SF-MPQ; Melzack, 1975), visual analog scale (VAS), and numerical 
rating scale (NRS) are commonly the primary pain measures. In some cases, secondary 
outcomes are measured. Secondary outcomes consider different aspects of chronic 
pain, such as frequency, quality, disability, self-efficacy (susceptibility to patient’s self-
management), intrusion in sleep, the patient’s mood, presence of catastrophizing 
thoughts, the patient’s health-related quality of life, and the patient’s own impression of 
the treatment’s efficacy of treatment. Such instruments include. 
Pain Disability Index. This instrument is a seven-item questionnaire designed to 
investigate the extent to which chronic pain interferes with a person’s ability to engage in 
various activities (Tait et al., 1990). An overall score is obtained by adding up the 




Short-Form Brief Pain Inventory. This instrument is a nine-item self-
administered questionnaire used to evaluate the severity of a patient's pain and its 
impact on the patient's daily functioning (Cleeland & Ryan, 1994). 
Hospital Anxiety and Depression Rating (HADS). This instrument is a 
fourteen-item scale with seven items related to anxiety and seven to depression. Doctors 
commonly use it to determine the levels of anxiety and depression a person is 
experiencing (Snaith, 2003). 
EuroQol-5D-5L. This instrument is a standardized questionnaire used to 
investigate health-related quality of life in terms of health status and health evaluation 
(EQ-5D, 2020). Health status is measured in five dimensions (mobility, self-care, usual 
activities, pain/discomfort, and anxiety/depression) on a five-point scale (“no problems,” 
“slight problems,” “moderate problems,” “severe problems,” and “extreme problems”). In 
the health evaluation part, the EQ VAS records the respondent’s health on a vertical 
VAS, the endpoints of which are labeled “best imaginable health state” and “worst 
imaginable health state.” 
Pain Self-Efficacy Questionnaire. This instrument is a two-item questionnaire 
that measures pain self-efficacy, which is the belief held by people with chronic pain that 
they can carry out certain activities and enjoy life despite experiencing pain (Nicholas et 
al., 2015). The items are rated on a scale of 0 to 6. 
Pain Catastrophizing Scale. This instrument is a six-item questionnaire that 
investigates catastrophizing thinking using a range of 0 to 4. Pain catastrophizing refers 
to a negative cognitive-affective response to pain and is associated with increased pain 
severity, disability, depression, and poor adjustment to chronic pain. 
Patient Health Questionnaire. This is a screening instrument consisting of two 
items assessing the presence of a depressed mood and a loss of interest or pleasure in 
routine activities. The items are rated on a scale of 0 to 3. 
Patients’ Global Impression of Change. This instrument consists of a single 
question identifying a clinically significant change by rating the patient’s belief about the 
efficacy of treatment on a seven-point scale that ranges from “no change (or condition 




Additional measurements. Most researchers ask participants to supply 
background details, such as their age, gender, height, weight, type and use of 
medication, details about previous and ongoing interventions for chronic pain, and level 
and date of diagnosis as chronic pain patients. Additionally, semi-structured qualitative 
interviews might be conducted to explore participants’ subjective experiences of using a 
VR system for pain self-modulation. 
2.1.3. Section Summary  
According to systematic literature reviews (Dunn et al., 2017; Mahrer & Gold, 2009; 
Malloy & Milling, 2010; Triberti et al., 2014), although VR research shows great initial 
promise in its ability to decrease pain and other negative aspects of painful medical and 
experimental procedures, the experimental design didn’t control the bias in RCT study 
design and can be considered weak. In other words, they should be interpreted cautiously 
and in light of fundamental scientific limitations. In general, sample sizes continue to be 
small, losing the power to detect the possible real effect, i.e., type 2 error. Additionally, the 
methodology used to test the technology has been highly variable, even though VR has 
been tested with specific populations. Researchers who have adopted the VR attention 
distraction approach have used a variety of VR environments, pain measures, and study 
designs. Further, most have deployed a single intervention, and very few have followed 
up with participants. The long-term impact of VR in pain thus remains unclear. Future 
studies should use consistent and experimentally rigorous methodologies and recruit a 
larger number of participants to increase the power and generalizability of their results. 
2.2. Embodied Cognition, Embodiment, and Pain 
In this section, I first review how one’s embodied cognition affects pain, the 
embodied phenomena related to pain, and the embodied cognitive therapies developed 
for pain modulation. As mentioned in Subsection 1.2.2, VR can elicit four primary forms 
of presence illusions: place illusion, self-embodiment illusion, physical interaction, and 
social communication (Jerald, 2016; Slater, 2009). In this section, I offer an in-depth 
explanation of each illusion, and I focus on the self-embodiment illusion because of its 




2.2.1. Embodied Cognition, Embodiment, and Pain 
2.2.1.1. Distorted Body Image and Pain 
In everyday life, our sense of embodiment affects almost everything we do. Using 
a mapping procedure, the human brain annexes the invisible space out to the limbs’ 
length from the body. Blakeslee and Blakeslee (2008) mention that this map connects 
one’s cognition to the events possible in the space around the body. They also 
suggested that this map could include the shared space of another object, animal, or 
person. Therefore, the brain does not only map the body but also the space around it 
and even the social world. 
Body image and body schema are two essential concepts when developing an 
understanding of embodiment and embodied cognition. In the context of body image and 
pain, differentiating the concepts of body image and body schema is important, as is 
explaining how they are associated with one’s embodied experience and how they affect 
one’s perception of pain. Gallagher (1986) argued that they are two distinct concepts 
that should be separately defined, and he proposed a phenomenological clarification of 
each. In short, body image refers to one’s estimations of body dimensions. Body image 
is a perceptual, cognitive, or emotional awareness of the body, whereas body schema is 
neither perception nor the cognitive understanding/emotional apprehension of the body. 
Instead, body schema is a non-conscious postural performance of the body and 
operates the body in an unconscious, unowned, or anonymous manner. In the concept 
of body schema, the body functions holistically and is not in and of itself apart from the 
environment. Interestingly, according to Gallagher, body schema maintains equilibrium 
between one’s body and the environment, but sometimes is also determined by body 
image. 
Lotze and Moseley’s (2007) evidence of neural representations of body image in 
the primary sensory and motor cortices suggested that patients in pain have distorted 
body images. The increased cortical excitability found in pain patients may help drive 
cortical reorganization. Although clinical evidence is scarce, imaging findings have 
revealed how one’s body image may be distorted in pain and that the treatment of pain 
may reduce and normalize the distorted body image, which has significant clinical 




images critically impact chronic pain patients (those with PLP, CRPS, back pain, and 
osteoarthritis) and alter sensory input for motor imagery and executed movement (Gilpin 
et al., 2015; Lotze & Moseley, 2007; Moseley, 2004, 2005, 2008). For instance, Moseley 
(2005) conducted a study with CRPS Type 1 patients and used healthy control 
participants to compare how they perceived their hand sizes. Participants were asked to 
select images that matched their affected limbs, and the CRPS 1 patients picked images 
of limbs 105% larger than their own limbs. Overall, 63% of CRPS 1 patients and 17% of 
control group participants selected an image of a limb larger than their actual limb, 
meaning they perceived the affected limb to be larger than it was. Other studies took 
other measurements and tests to evaluate and visualize patients’ distorted body image, 
such as tactile function test using a two-point discrimination threshold measurement 
(Moseley, 2004, 2005, 2008; Osumi et al., 2014, 2015).  
Here, I briefly explain PLP and CRPS and why most chronic pain studies have 
focused on it rather than other types of chronic pain. PLP is a type of chronic pain 
caused by limb amputation (Nikolajsen, 2012). Besides amputation, brachial plexus 
avulsion (BPA) injury—the detachment of the nerves from the nerve roots of the spinal 
cord in the arm—also leads to partial or complete arm paralysis and chronic pain (Wang 
et al., 2015). For instance, Teixeira et al. (2015)’s review showed that BPA patients 
experience PLP, similarly to some amputees, and they also found evidence from 
multiple studies that the central mechanisms play a more important role in BPA-related 
PLP. Most patients with BPA develop sensations in their damaged arm such as tingling, 
electric shock, and burning pain; this is similar to the PLP experienced by amputees 
(Abdel-Aziz & Ghaleb, 2014). Therefore, researchers believe that studying BPA has the 
potential to deepen the understanding of the roles that the peripheral and central 
nervous systems play in PLP (Russell & Tsao, 2018). The neural mechanism of PLP is 
still under debate. Some researchers proposed that cortical reorganization of neural 
representations of the missing limb and its neighboring body parts causes PLP (Flor et 
al., 1995, 2001; Karl et al., 2004). Others hold that the functional representation of the 
missing limb is preserved (Mercier et al., 2006; Raffin et al., 2012), and “peripheral” 
contributors—such as neuroma formation and ectopic firing in the residual nerves—are 
the major contributors of PLP (Kikkert et al., 2018; Makin et al., 2013, 2015). It has also 




and peripheral factors play a role (Ramachandran & Altschuler, 2009; Sumitani et al., 
2008). 
With impaired sensorimotor circuitry, PLP patients also show degraded 
movement performance of the phantom limb. As a phantom limb is usually paralyzed or 
perceived as fixed in one or more particular positions (Ramachandran & Altschuler, 
2009), it is difficult for patients to imagine moving their phantom limbs visually. Thus, the 
capacity of motor imagery (e.g., the time a patient takes to perform a task) might serve 
as a measurement of movement performance of the phantom limb, given that similar 
activations in the motor cortex during motor imagery and actual movements were 
observed in healthy individuals (Ehrsson et al., 2003). Indeed, previous studies 
demonstrated a prolonged response time and a lack of activation in the sensorimotor 
cortex during motor imagery tasks in amputees with PLP when compared to those 
without and that their response times, as well as activation, were closely related to the 
magnitude of the PLP (Diers et al., 2010; Lyu et al., 2016). 
CRPS is describing excessive and prolonged pain and inflammation that follows 
injury to a limb. Defined by IASP, The hallmarks of CRPS as defined by IASP include the 
following: (a) specific injury or noxious stimuli, which may include surgery; (b) continued 
pain that is disproportionate to the noxious stimuli or injury, including allodynia and 
hyperalgesia; (c) changes in localized skin, including edema and changes in blood flow 
and coloration of the skin; and (d) no specific dermatomal or nerve pattern (IASP, 1996). 
It has acute (recent and short term) and chronic (lasting longer than six months) forms 
(Moseley, 2005). Although CRPS may improve over time, severe or prolonged cases are 
profoundly disabling. In short, CRPS is caused by damage to or malfunctions in the 
peripheral and central nervous systems, and it most often affects one limb or extremity 
(arm, leg, hand, or foot). It is a difficult disease to cure, and psychotherapy and graded 
motor imagery have been most commonly adopted in rehabilitations. In this dissertation, 
I only deal with the chronic conditions of CRPS. 
Further, Moseley et al. (Moseley et al., 2008) also addressed the significant role 
of movement. In a motor imagery task, healthy participants had significantly faster 
reaction times than chronic pain patients, which was attributed to the pain patients’ 
distorted body images (Moseley et al., 2008; Uritani et al., 2018). However, motor 




Ramachandran, 1996), and combined graded motor imagery therapy (Bowering et al., 
2013) have shown successful results in managing chronic pain, especially patients 
suffering from distorted body images, such as those with PLP or CRPS (Diers et al., 
2010; Giummarra & Moseley, 2011). Below, I describe how mirror therapy and graded 
motor imagery therapy work and explain the role of embodiment and body image in 
these interventions. 
2.2.1.2. Mirror Therapy  
Initially developed by Ramachandran (2009a), the virtual mirror box is an 
intervention in which a mirror is vertically positioned on a table and a patient’s intact 
hand is effectively superimposed on the felt position (visually superimposed position) of 
the phantom one. Researchers call this “mirror therapy” or “mirror exposure therapy” 
(e.g., Delinsky & Wilson, 2006; Chan et al., 2007; Henriksen et al., 2018). In 
Ramachandran and Rogers-Ramachandran’s (1996) study, six out of 10 PLP patients 
reported perceiving the phantom hand when their normal one moved. The patients’ 
kinesthetic sensation merged with the phantom hand, which put them in a pleasant 
mood. Not only did they experience a sense of ownership over the phantom arm, their 
PLP was mitigated (Dunn et al., 2017). Findings showed that most PLP patients 
experience a decrease in pain intensity when they perceive the willed visuomotor 
imagery of the affected limb (Sumitani et al., 2008). Later, Ramachandran et al. (2009b) 
discovered that using optical techniques to present a smaller hand in a mirror to PLP 
patients can also decrease their pain levels. The researchers believed that viewing the 
intact hand through a mirror can alter a person’s body-related perceptions and emotions, 
which may also alter their body images. 
To date, the mirror box technique (or mirror therapy) has inspired many current 
VR/AR systems, and designers have adopted the technique of mirroring the movement 
of PLP patients’ intact limbs to reconstruct the movement of their phantom ones. This 
technique was also adopted in one of my studies involving PLP patients, which is 
described in Chapter 5. 
Besides mirror therapy, other cognitive behavior therapies have also been 
developed to treat chronic pain, such as left/right judgment training and explicit motor 




et al.’s (2012) case series study because it wasn’t an RTC design. However, Johnson et 
al.’s (2012) received opposite results and found that mirror therapy didn’t work. 
Therefore, the effect of mirror therapy remains controversial and requires further 
explorations. Left/right judgment training refers to a person’s ability to identify left or right 
images of their painful body part(s) and is relevant because pain patients take longer to 
identify left or right body parts than healthy people (Moseley, 2004; Moseley et al., 
2012). Explicit motor imagery describes the movements a person imagines. Motor 
imagery can be defined as a dynamic imagining during which an individual mentally 
simulates a physical action. It is the mental execution of a movement without any overt 
movement or peripheral muscle activation. Mulder (2007) found that motor imagery 
leads to the activation of the same brain areas as actual movement.  
In 2004, Moseley et al. proposed a new form of cognitive behavior therapies, 
named Graded Motor Imagery (GMI), which included mirror therapy. GMI is increasingly 
applied in the treatment of chronic pain conditions. As shown in Figure 2.2, GMI includes 
three motor-related stages in chronic pain management. In a systematic review, 
Bowering et al. (2013) analyzed all the evidence proving the effects of GMI and its 
constituent components on chronic pain. The authors targeted studies that conducted 
RCTs, and eight met their inclusion criteria. By calculating effect size, they found that the 
overall methodological quality was low. Some conflicting results were found when motor 
imagery was used as a stand-alone technique, and no effect was seen in a left/right 
judgment training sub-intervention. However, other studies observed the positive effects 
of both mirror therapy and GMI. To conclude, mirror therapy and GMI might be useful, 





Figure 2.2 The graded motor imagery approach to treating chronic pain (Graded Motor Imagery, 2020). 
2.2.1.3. Rubber Hand Illusion, Virtual Body Illusions, and Pain 
Embodiment-illusion-triggered analgesic effect has been demonstrated with 
rubber hands and mirrors by neuroscientists and perceptual psychologists. 
Ramachandran et al. (1996) and Botvinick and Cohen (1998) wrote well-known studies 
that are relevant to VR. Studies that explored the Rubber Hand Illusion (RHI) found that 
people perceive a rubber hand as theirs when their actual hand is hidden (Botvinick & 
Cohen, 1998), and this can have an analgesic effect (Fang et al., 2019). 
Therefore, I will now focus on studies that used RHI to influence people’s pain 
(Mohan et al., 2012; Moseley, Parsons, et al., 2008). Cognitive scientists discovered RHI 
in the late 90s (Botvinick & Cohen, 1998), when the perception of owning a rubber hand 
was elicited by having study participants who are able to feel the sense of ownership 
(unlike blind people), experience multisensory integration of seeing the rubber hand 
touched while feeling the touches on the real hand, which led the participant to have a 
sense of embodying it. RHI can foster an SoO. Most studies found that the vision of a 
rubber hand offers an analgesic effect when a person incorporates it into their body 
image. However, studies on RHI and pain had conflicting findings: some found that RHI 
increases pain ratings (Fang et al., 2019), while another study found that it has no effect 
(Mohan et al., 2012). Martini (2006) proposed a theory to explain the conflicting findings, 
suggesting that the physical appearance of the rubber hand plays a critical role in driving 




Although RHI is the illusion of owning a rubber hand, scientists have recently 
shifted their attention to how one perceives the body and hand in VR, and they 
discovered the Virtual Hand Illusion (VHI) or Full-Body Illusion (Martini, 2016). Similar to 
RHI, VHI is the feeling of owning virtual hands in VR. After researchers discovered that 
people could perceive virtual hands to be their own (IJsselsteijn et al., 2005; Petkova & 
Ehrsson, 2008; Slater et al., 2008, 2010), they began testing if SoO in VR can produce 
an analgesic effect (Martini et al., 2014; Gilpin et al., 2014; Martini et al., 2015; 
Matamala-Gomez et al., 2018, 2020). However, most studies had more positive findings 
than null effects (Martini et al., 2014; Martini et al., 2015); these results seemed to be 
strictly connected to the visual properties of the hands or other body parts. 
2.2.2. Self-Embodiment Illusion and Virtual Embodiment 
In this section, I first introduce the four presence illusions in VR, focusing on the 
embodiment presence and then discuss the definition and subcomponents of virtual 
embodiment in depth. 
2.2.2.1. The Four Types of Presence Illusions in VR 
The illusion of being in a stable place. This illusion is sometimes called place 
illusion (Slater, 2009) and sometimes spatial presence (Schubert, 2003). Slater (2009) 
described it as the feeling that one’s physical environment is the most important aspect 
of their sense of presence. In another of his papers, Slater (2009) defined place illusion 
as “being there,” and is a perceptual illusion that occurs automatically under the right 
conditions (sensorimotor contingencies). However, he also indicated there is plausibility 
illusion (Psi), which refers to the illusion that the depicted scenario is real.  
The illusion of embodiment (self-embodiment). Self-embodiment has multiple 
working definitions. Kilteni et al. defined it as the ensemble sensations that arise in 
conjunction with being inside, having, and controlling a body (2012). Certainly, any 
feelings about their virtual body fall under this presence category, including SoO or the 
sense of having control over the body. For more information, see Section 3.1 of this 
chapter. Many cognitive science studies, especially those conducted by members of 
Slater’s and Bailenson’s research groups (Bailey et al., 2016; Banakou et al. 2016; 
Tajadura-Jiménez et al., 2017), tried to investigate how embodiment illusion alters the 




The illusion of physical interaction. This illusion occurs when a person feels a 
physical response that aligns with a visual representation. This response is not limited to 
tangible feelings; it also includes visual changes or audio feedback (Jerald, 2016). 
The illusion of social communication (social presence, or co-presence). 
Social presence is the perception that one is communicating with other characters in VR 
either verbally or with body language (Gerhard et al., 2004; Jerald, 2016; Nowak & 
Biocca, 2003; Schroeder, 2005). The other characters could be computer controlled or 
user controlled. This component is another essential aspect of presence that most 
researchers investigate, including many of those in Slater’s group (Slater et al., 2006; Oh 
et al., 2018). 
2.2.2.2. The Illusion of Virtual Embodiment 
In this dissertation, my focus is the effect of self-embodiment illusion on human 
perception, which is also called sense of embodiment or virtual embodiment in VR. SoE 
in VR is defined as the experience or feeling of owning (SoO), controlling (SoA), 
and being inside a body (self-location). As discussed in Chapter 1, Section 1.2.2, I 
adopted Kilteni et al.’s (2012) definition and framework of virtual embodiment for this 
dissertation, and it specifies three subcomponents: SoO, SoA, and sense of self-
location.  
The sense of embodiment is defined as “the ensemble of sensations that arise in 
conjunction with being inside, having, and controlling a body” (Kilteni et al., 2012, p. 2). 
According to Kilteni et al. (2012), embodiment consists of three subcomponents: SoO, 
SoA, and sense of self-location. SoO commonly refers to one’s self-attribution of a body 
(e.g., Gallagher, 2000; Tsakiris, 2010), whereas SoA is concerned with the subjective 
experiences of motor control and the conscious experience of will (Blanke & Metzinger, 
2009). Ownership, agency, and self-location are not inclusive to artificial bodies or body 
parts but also include avatars and mannequins (Petkova & Ehrsson, 2008; Slater et al., 
2010; Slater, Perez-Marcos, et al., 2009). While my literature review revealed potential 
interrelationships among the three subcomponents (Braun et al., 2018), the current state 
of knowledge on embodiment does not enable further specification of their significance 




SoO. This sense refers to one’s self-attribution of a body (Gallagher, 2000; 
Gallagher & Marcel, 1999). Braun et al.’s (2018) literature review suggested that SoO 
describes the feeling of mineness that one experiences toward the body parts. People 
describe this feeling with statements such as “This is ‘my’ hand,” “‘I’ am thinking this 
thought,” or “‘I’ am the one who is having this feeling.” Some studies have investigated 
which properties of the virtual body affect SoO, such as the transparency level of an 
avatar’s skin (Martini et al., 2015), appearances of the virtual arm (Martini et al., 2013), 
and synchronous or asynchronous movement between real and virtual arms (Zanini et 
al., 2017). Further, getting visual feedback from the virtual world that is synchronous with 
tactile feedback from the real world like in the RHI phenomenon has also been 
associated with one’s SoO in VR (de Jong et al., 2017). 
SoA. This sense refers to the sense of having ‘‘global motor control, including the 
subjective experience of action, control, intention, motor selection and the conscious 
experience of will’’ (Braun et al., 2018). Unlike ownership, which describes an attributive 
relationship, agency is felt dynamically and presented in active movements (this is 
authorship rather than ownership; Braun et al., 2018). A person experiencing SoA in VR 
will say something like, “It seemed like I was in control of the virtual hand.” SoA 
distinguishes one’s self-generated actions from actions generated by other people 
(David et al., 2008; Moore, 2016). Sanchez-Vives et al. (2010) found that SoA in VR is 
easily achieved when a person’s real-body motions are mapped to the virtual body in 
real time. Therefore, the development of SoA primarily depends on the synchronicity of 
visuomotor correlations, regardless of the artificial, mirrored, or virtual conditions. 
Numerous studies have found that asynchronicity between the visual feedback of the 
action and the actual movement negatively affect SoA (Blakemore et al., 2002; Franck et 
al., 2001; Sato & Yasuda, 2005). 
Few studies explored the relationships or associations between SoA and pain in 
VR conditions compared to SoO. Moreover, it has rarely been studied separately from 
SoO (Braun et al., 2018). In one case (Braun et al., 2018), the synchronous feedback of 
movement (correlated visuomotor) not only increased SoA but also correlated with an 
increased SoO. Although I have examined SoO and SoA separately, quite a few 
researchers have investigated the interplay of SoA and SoO (Braun et al., 2018). 
However, in many quotidian situations, we experience SoO and SoA simultaneously. 




measurement of each (and their self-location) can overlap (Ehrsson et al., 2007; Slater 
et al., 2008; Slater et al., 2010). 
Sense of self-location. The sense of self-location refers to where a person feels 
they are located; generally, self-location and body space coincide with a person feeling 
self-located inside a physical body (Lenggenhager et al., 2009).  
2.2.2.3. Study Instruments of SoO and SoA 
In general, SoO has been well-examined using both quantitative approaches 
(task performance, questionnaires, and physiological biomarkers) and qualitative 
approaches (questionnaires or interviews). However, SoA has not been comparably well 
examined, especially in VR. Cognitive scientists have been studying the potential 
neurological models of how the brain computes SoA (Haggard & Chambon, 2012). 
Although some VR studies (Cole et al., 2009; Martini et al., 2014; Zanini et al., 2017) 
provided their participants with motor control over the virtual body (or body parts), only 
few measured SoA (Käthner et al., 2019; Matamala-Gomez et al., 2019).  
Lacking a gold standard of measuring SoO and SoA, some researchers adopted 
the explicit method through participants’ subjective ratings. In contrast, others relied 
more on implicit measurements, such as behavioral tests or biofeedback. Although 
aiming to measure the same sensations (SoO or SoA), implicit and explicit results could 
be different (Kong et al. 2017). Next, I discuss how each approach were utilized in 
varying studies. 
Self-reported questionnaires and interviews (explicit measures). Most virtual 
embodiment studies rely on self-reported questionnaires to report SoO. For instance, all 
of Slater’s group’s studies (e.g., Slater et al., 2010; Aspell et al., 2009) adopted standard 
survey statements and questions to assess SoO. Statements included ‘‘I felt as if the 
rubber hand was my hand’’ and ‘‘I felt as if the virtual body was my body’’ (Aspell et al., 
2009, p. 4), and questions included ‘‘How much did you feel that the seated girl’s body 
was your body?’’ (Slater et al., 2010, p. 4). Likewise, the Sense of Agency Rating Scale 
questionnaire (Polito et al., 2013) has two factors: involuntariness, which represents a 
subjective reduction in control over one’s own actions (e.g., “I felt that my experiences 
and actions were not caused by me”, Polito et al., 2013, p. 208), and effortlessness, 




occur (e.g., “My experiences and actions occurred effortlessly,” Polito et al., 2013, p. 
208). However, as when measuring SoO, researchers usually develop new 
questionnaires based on existing ones to fulfill their specific research goals. For 
instance, Slater’s group mostly asked participants to rate SoA using scales on a 
questionnaire, which appears to be the most widely used approach to evaluating SoA in 
VR conditions. Two statements that participants ranked were “It seemed like I was in 
control of the virtual hand” and “I felt as if I was controlling the movements of the virtual 
hand” (Sanchez-Vives et al., 2010, p. 3; Martini et al., 2014, p. 4). 
Task performance (implicit measure). The specific tasks vary depending on 
the researchers’ goals for specific VR situations, and some tasks conducted in the real 
word to measure SoO are hard to carry out in VR. Although different proprioceptive 
estimation tasks, such as proprioceptive drift, have been used to measure SoO in non-
VR situations (Botvinick & Cohen, 1998; Jsselsteijn et al., 2006) and a few VR studies 
(Sanchez-Vives et al., 2010; Slater et al., 2008), they have rarely been adopted in VR 
situations. However, a few studies (Banakou et al., 2013; Braun et al., 2018) utilize 
participants’ performance in body part estimation to measure SoO. In other cases 
(Ehrsson et al., 2007; Steptoe et al., 2013), researchers measured participants’ 
reactions when their virtual body was threatened.  
However, apart from proprioceptive estimation tasks, motor tasks can be used to 
assess agency, such as the intention-binding task (Braun et al., 2018). Kong et al. 
(2017) included this task in VR and used it to measure participants’ SoA. The idea is that 
the more successfully the motor tasks are performed, the finer the control a person can 
achieve over the artificial body. Presumably, higher SoA correlates with higher task 
performance. The intention-binding effect refers to the subjective compression of time 
experienced between a voluntary action (e.g., a self-conducted button press) and its 
external sensory consequences (e.g., a sound played thereafter). A common finding is 
that this time interval is only underestimated when the action is voluntary, not when it is 
involuntarily (Braun et al., 2018). 
Physiological measurement. Electrophysiological information, including that 
related to touch (Hohwy & Paton, 2010; Moseley, 2008), heart rate (Slater et al., 2010), 
as well as hemodynamic information (Kanayama et al., 2009; Press et al., 2008) and 




not in VR environments. Ehrsson et al. (2007) investigated physiological data and 
correlated the biomarkers with participants’ SoO. However, physiological data seems to 
be necessary to indicate SoO but is not a primary means of measuring it. In my literature 
review, I did not find any studies that used physiological measurement to assess SoA 
levels in VR.  
The central prerequisite of inducing SoO and SoA in VR is an avatar or, at least, 
part of one avatar, such as limbs or tubes. Correlated and synchronous visuomotor 
feedback in VR could contribute to stronger SoO and SoA. The explicit communication 
of one’s feelings of owning (SoO) or controlling (SoA) an avatar can be qualitative. For 
instance, for SoO, “I felt as if the virtual right arm/hand was my own right arm/hand” 
(Martini et al., 2014, p. 4) could be a useful description; for SoA, it could be “During the 
experiment there were moments in which it seemed that my real arm was moving” 
(Zanini et al., 2017, p. 4). Even though participants of Zanini et al. and Martini et al. were 
shown unrealistic bodies or body parts, after an adaptation period, the aforementioned 
statements could also be used to evaluate or express feelings of SoO and SoA. Task 
performances’ results can also be used to describe implicit feelings of SoO and SoA. 
Although not all studies have measured the implicit and explicit aspects of SoO/SoA 
together, a select few did show that explicit results can be significantly different than 
implicit results (Braun et al., 2018; Kong et al., 2017). For example, Kong et al.’s study 
showed that participants did not report a strong SoA but the implicit test showed that 
agency did exist. In my dissertation, I adopted the subjective SoO and SoA ratings. 
Carrying out the other implicit measurement may yield other findings.  
2.2.3. Section Summary 
 “Embodiment” is a term here used to refer to a general sense of one’s body as 
the center of identity and inseparable from sensory experience and perception. The 
sense of virtually embodying an avatar conveys a feeling of mineness from the first-
person point of view. Kilteni et al. (2012) investigated components that inform the sense 
of embodiment, including ownership, agency, and the self-location of an avatar. In this 
section, I first described the body-related illusions and interventions relevant to pain 
modulation, such as body image and body schema RHI, VHI, mirror therapy, and graded 
motor imagery. Then, I cited literature that defines the framework of embodied cognition 




al., 2012), and I explored potential measurements of its two primary subcomponents, 
SoO and SoA. Designing this structure helped me to better scope my research and 
investigate the subcomponents of embodiment in VR, such as SoO and SoA (Braun et 
al., 2018). The research on the definition and composition of virtual embodiment 
introduced here laid the foundation for both research trajectories. 
2.3. Virtual Embodiment for Pain Alleviation 
In this section, I discuss the study design, VR content, and instruments adopted 
by researchers in the virtual embodiment pain management approach. 
2.3.1. Prior Research 
In addition to exploring the attention distraction approach in VR, virtual 
embodiment studies suggest that merely seeing a virtual body can also have an 
analgesic effect on healthy people’s induced pain (e.g., heat-, cold-, pressure-, or 
needle-induced pain; Hänsel et al., 2011; Longo et al., 2009; Martini et al., 2014; 
Romano et al., 2016) and in patients’ perceived neuropathic pain (Matamala-Gomez et 
al., 2018). For instance, both Hänsel et al. (2011) and Gilpin et al. (2014) found that 
when pain was induced by experimental stimuli on the real body, seeing the virtual body 
in VR could increase pain thresholds compared to the control condition in which no 
virtual body was presented. This was similar to Longo et al.’s (2009) study in which 
participants experienced reduced pain when observing an arm in mirrors, and other 
researchers suggested that having SoO over an avatar (i.e., virtual body illusions) is the 
fundamental reason for the virtual embodiment analgesic effect (Gilpin et al., 2014; 
Hänsel et al., 2011).  
Other studies have explored how different features or avatar features, such as 
avatar appearance and motion, influence SoO and the analgesic effect (Matamala-
Gomez et al., 2018; Martini et al., 2015; Osumi et al., 2014). For example, Martini et al. 
(2015) and Matamala-Gomez et al. (2018) found that the transparency level of the virtual 
body’s skin affected healthy people and chronic arm-pain patients differently. Martini et 
al. (2015) discovered that the more transparent the virtual body, the less SoO 
participants felt, which the authors attributed to the higher heat-induced pain levels. In 




pain when the transparency level is increased, though the opposite was found in patients 
experiencing PNI pain. Further, Osumi et al. (2014) investigated how an avatar’s skin 
types, such as hairy, normal, or injured, affect heat-induced pain, and their findings 
demonstrated that the more a user has a negative impression of their avatar, the higher 
the pain level they experience.  
In fact, previous studies have also found inconsistent relationship between SoO 
and pain in VR. Two studies (Martini et al., 2014; Zanini et al., 2017) on healthy people 
with simulated pain reported a negative correlation between SoO and pain, i.e., the more 
ownership people have for the avatar arm, the less pain they perceive. For instance, 
Zanini et al.(2017) found the conditions that elicited higher SoO (comparing arm and 
non-corporeal object) had a better analgesic effect when healthy participants’ pain 
thresholds for thermal pain was evaluated, even though they didn’t run a correlational 
analysis. In another study, Martini et al.(2014) also reported that their healthy 
participants’ pain thresholds increased in higher SoO conditions when they manipulated 
the motion synchronicity (synchronous versus asynchronous) and appearances (object 
and arm) of the virtual arms. However, three other studies reported a positive correlation 
between SoO and perceived pain, which aligns with our results on CRSP patients. 
Martini and colleagues—the same group of researchers as Martini et al.(2014)—found 
that increasing the virtual arms’ transparency resulted in less SoO and a higher pain 
threshold of healthy participants under thermal pain stimulation (Martini et al., 2015). 
Similarly, with healthy participants under thermal pain stimulation, Käthner et al.(2019) 
manipulated the virtual arms’ controllability when a virtual water was simulated to pour 
over the virtual hand with water color varied. In their study, the controllability 
(synchronous versus asynchronous) modulated SoO; moreover, SoO positively 
correlated with pain ratings (2019). 
Although a few studies elicited participants’ SoO and SoA using the movement 
conditions of VR (Martini et al., 2014; Sanchez-Vives et al., 2010; Zanini et al., 2017), 
they associated levels of ownership with pain levels rather than agency. Many 
researchers (Matamala-Gomez et al., 2018; Gilpin et al., 2014; Hänsel et al., 2011; 
Martini et al. 2015;  Osumi et al., 2014) did not provide high controllability of the virtual 
hands because their technical setup did not allow their participants to perform freehand 
movements. Hence, these studies did not measure or emphasize how levels of SoA 




instance, suggested that synchrony between visual and proprioceptive information—
along with motor activity—is able to elicit SoO over a virtual arm. Martini et al. (2014) 
found that synchronous movement produces a significantly higher SoO compared to 
asynchronous movement, but the authors did not detect changes to pain levels. 
Moreover, they did not investigate SoA, and both the synchronous and asynchronous 
movement conditions were achieved via the researchers’ manual movements. Zanini et 
al. (2017) compared an asynchronous movement condition with a still condition, but pain 
thresholds were not significantly affected by the movement factor either. However, they 
did not implement a synchronous movement condition or specifically investigate SoA.  
More recently, Käthner et al. (2019) explored how the levels of controllability over 
virtual limbs affect the heat-pain threshold using three color-coded water conditions 
implying hot, cold, and normal temperatures. Unlike previous findings that focused on 
the association between SoO and pain reduction, the authors manipulated the levels of 
SoO and SoA. Their results implied that the control manipulation of the virtual hand does 
not influence pain ratings, but the conditions were limited to high control versus low 
control. Therefore, further investigations are needed to explore if and how movement-
elicited SoA plays a role in changing one’s heat-induced pain levels under different 
control conditions, such as no control versus high control. Further, although most virtual 
embodiment researchers manipulated the avatar’s visual factors in experimental 
conditions with healthy subjects under thermal, needle, and pressure pain stimulus 
(Hänsel et al., 2011; Longo et al., 2009; Sanchez-Vives et al., 2010), very few validated 
the results with pain patients as the participants (Matamala-Gomez et al., 2019). 
2.3.2. Research Methods 
2.3.2.1. RCTs 
Almost all virtual embodiment studies evaluated two to four visual conditions or 
motion conditions of the virtual body or body parts using a within-subjects or between-
group approach (Martini et al., 2013, 2014, 2015; Matamala-Gomez et al., 2019; 
Romano et al., 2016; Hänsel et al., 2011; Longo et al., 2009; Sanchez-Vives et al., 
2010). Because these studies tested induced pain (needle, pressure, heat, and cold 
pain) with healthy subjects, they didn't meet patients’ recruiting difficulty (Martini et al., 




Most of these studies had more than 20 healthy participants. But only a few studies were 
conducted with pain patients (Matamala-Gomez et al., 2019). 
2.3.2.2. Study Materials: VR Content 
Almost all the researchers in the literature developed specific VR prototypes 
because they wanted to compare certain avatar features, such as the transparency of 
skin, the size of the arms, and the color of the arms’ texture (e.g., hairy or bleeding skin). 
Most of VR systems work with motion-tracking systems, such as wearable body trackers 
or markers, Leap Motion, and cameras, to provide synchronized virtual body 
movements. Compared with VR environments designed for attention distraction, such as 
SnowWorld, the VR prototypes in the literature were not gamified because cognitive 
science researchers focused more on the underlying mechanisms of a single VR factor’s 
effect on pain, e.g., skin transparency, size, color, motion, and so on. Therefore, these 
prototypes were much simpler VR environments without any game-related components. 
2.3.2.3. Instruments 
Generally, researchers have collected pain threshold data, such as the 
thresholds at which changes in temperature are experienced as pain (Gilpin et al., 2014; 
Martini et al., 2013, 2014), duration a hand can be kept in cold water, or forces, or they 
have collected self-reported pain ratings in VAS or NRS, and sense of embodiment has 
been their primary outcome. No other pain rating questionnaires, such as the SF-MPQ, 
have been used because the pain has been induced on healthy participants and 
therefore not comparable to chronic pain. Sense of embodiment (SoO and SoA) has 
been measured using self-reported ratings in a questionnaire, and these questions have 
generally been derived from previous cognitive studies investigating people’s sense of 
embodiment (Martini et al., 2014). Apart from evaluating the significant differences 
among experimental conditions, researchers have also run statistical analyses to test the 
effect sizes of differences in means between people’s sense of embodiment and pain 
changes under different visual conditions. Further, secondary outcomes, such as 




2.3.3. Section Summary 
In this section, I first reviewed studies in which researchers manipulated avatar 
features in VR and evaluated the associated analgesic effects with healthy subjects 
(Hänsel et al., 2011; Longo et al., 2009; Sanchez-Vives et al., 2010) and pain patients 
(Matamala-Gomez et al., 2019a). All these virtual embodiment researchers manipulated 
different components of a virtual body to alter participants’ perceptions of their SoO and 
SoA and assessed the potential correlations between embodiment and pain. Then, I 
summarized the study methods, study materials, and study instruments of the virtual 
embodiment research approach, as I did in Subsection 2.1.2 regarding the attention 
distraction approach. 
Overall, findings from the virtual embodiment research were powerful and had a 
medium level sample size and RCT study method design. However, the virtual 
embodiment approach is in its infancy, as the studies were mostly conducted using 
healthy participants experiencing induced pain. Further, very few investigated 
neurological evidence, possibly because the difficulty in collecting biofeedback (EEG or 
fMRI) during VR studies when participants wear HMD. The overall accumulated 
evidence was even less than that of VR and attention distraction studies. As the 
overarching goal is to alter the distorted body image caused by chronic pain and help 
people modulate it, these studies, with their varied avatar features, should be replicated 
using patients as participants. The work that informed the development of this section 
inspired and informed this dissertation’s study design and methods. 
2.4. The Impacting Factors of VR Analgesia 
Although numerous studies examined the outcomes of VR on induced pain, 
acute pain, and chronic pain management, very few (Elliot et al., 2007; Mühlberger et al. 
2007) have explored the potential impacting factors or how and why these factors may 
influence the effectiveness of VR analgesia. After reviewing the literature, I categorized 
impacting factors into three aspects: VR content (components of environmental design), 
VR systems (equipment and hardware configurations), and participants (pain types and 




2.4.1. The VR Content 
Some VR environments used in attention distraction are mostly natural (e.g., 
SnowWorld, Dante Valley, COOL!, Virtual Meditative Walk, and Mobius Floe). Others 
are commercial VR games that include some interactions, such as InMind (Steam, 
2015). Most VR environments share similar gameplay features: users explore the virtual 
world on an invisible rail and interact with the environment by throwing projectiles at 
various objects. However, virtual bodies have rarely been implemented. Researchers 
have focused on pain changes and the sense of presence in VR rather than the sense of 
embodiment or other different game mechanics, rather than what’s designed in 
SnowWorld and the other few VR environments mentioned above.  
Cold versus hot environments for pain management (red versus blue 
objects). Environmental factors that have been investigated include red or blue objects 
and their implied cold or hot sensations, which in VR simulate heat pain or cold pain. 
This environmental factor was evaluated because Hoffman’s (2000) cold and blue 
SnowWorld environment effectively reduced heat pain. Although Hoffman et al. 
hypothesized that cold environment might help reduce burn pain and thus made the 
original design choice, no studies have proved it by then. The general belief was that red 
implies a hot sensation and blue a cold sensation (Elliot et al., 2007). Therefore, 
Mühlberger et al. (2007) hypothesized that pain triggered by heat or cold can be 
modulated by a warm or cold virtual environment. To validate this hypothesis, 
Mühlberger et al. (2007) recruited 48 healthy female participants for a within-group study 
and measured their heat and cold pain thresholds; motion sickness, participants’ moods, 
and their self-reported immersion levels were also measured. Interestingly, the results 
suggested that both the warm and cold virtual environments reduced pain intensity and 
unpleasantness for both heat and cold pain stimuli compared to the control condition. 
Although VR reduced pain unpleasantness, the authors found no significant difference in 
efficacy between the environments. 
In two recent studies (Käthner et al., 2019; Martini et al., 2013), researchers 
experimented with red and blue arms and a single environmental element separately 
and in a more fine-tuned way than Mühlberger et al. (2007), who analyzed the 
environment as a whole. Martini et al. (2013) measured the heat pain thresholds of 




with the red dots outside the arms), and they found that a red arm in VR significantly 
decreases pain thresholds (i.e., increases pain) compared to normal and bluish skin. 
Therefore, they concluded that top-down modulation of pain through a visual input 
suggests a potential use of embodied avatars for pain therapy. In Käthner et al.’s (2019) 
research, they implemented red and blue colors on a virtual water tap and measured 
healthy participants’ heat pain ratings. Most participants experienced a thermal 
sensation in response to the virtual water and associated the blue and red light with 
cool/cold or warm/hot temperatures. Further, the blue condition reduced pain, while the 
red condition increased pain and unpleasantness; both conditions had significant 
differences when compared to the control condition. 
Creating hot or cold sensations using red and blue objects only seems to work 
when the objects are incorporated in a virtual environment in a meaningful way that 
stimulates participants’ awareness, as they already know what these colors signify in 
terms of the sensations they are associated with. Both Mühlberger et al. (2007) and 
Martini et al.’s research connected hue with heat and with pain ratings successfully since 
they applied heat pain stimuli on their patients. For instance, in Martini et al.’s (2013) 
study, the researchers created a meaningful illusion for the participants in the red-dot-
off-arm VR condition, so the participants might feel that the source of heat was away 
from their body. 
Overall sense of presence (immersion)—level of distraction. Although 
researchers use “presence” and “immersion” interchangeably, these two terms refer to 
two aspects of a virtual environment. Presence” is defined as the subjective experience 
of being in a place and responding to increased physiological and emotional responses 
in VR (Cummings & Bailenson, 2015). “Immersion” is defined as the objective fact of 
being in an environment. It refers to the technological quality of media delivery or the 
extent to which a system presents a vivid virtual environment while shutting out physical 
reality (Cummings & Bailenson, 2015). 
Triberti et al. (2014) believed that the level of presence is one of the fundamental 
factors for pain attention distraction in VR. However, only a few VR distraction studies 
measured presence explicitly and ran a correlational test using the pain outcomes. 
Gutierrez-Martinez et al. (2010) investigated the effects of VR-based analgesia on a 




two consecutive sessions, one using VR (SurrealWorld) and the other only a blank 
screen. The VR session produced significant pain alleviation when compared to the 
control condition. The authors found a significant negative correlation between 
subjective pain ratings and presence ratings: the greater the sense of presence in VR, 
the more attention is drawn to the VR environment and the less pain is perceived. 
However, the control condition had no content (no sense of presence triggered at all); 
thus, how different levels of presence affect pain remains unclear. 
Hoffman et al. (2014) explicitly compared high presence to low presence by 
adding in a white crosshair in front of the content. Each participant tried two conditions: 
high-presence and low-presence; the only difference was that the low presence had the 
white crosshair in the display. Presence questions were asked right after each condition. 
The authors noted that although participants’ heads were immobilized and the machine 
noise was loud, participants still felt a strong sense of presence in VR in both conditions 
and the high-presence condition elicit a better analgesic effect than the low-presence 
condition. Similarly, in Hoffman et al. (2008) and Tse et al. (2002), researchers 
measured presence ratings or, in the case of Tse et al., the degree of immersion. They 
all identified presence ratings that were positively correlated with an increase of pain 
thresholds (Hoffman et al. 2008, 2014, Tse et al. 2002). 
The appearance of the virtual avatar or body. The visual representation of a 
virtual body has mostly been explored in the virtual embodiment approach. Generally, 
researchers have used heat-induced pain on healthy participants and manipulated the 
appearance of the virtual body’s upper limbs. The findings suggest that skin 
transparency (Martini et al, 2015; Matamala-Gomez et al., 2018), type (hairy, normal, or 
injured; Osumi et al., 2014), avatar size (Mancini et al., 2011; Matamala-Gomez et al., 
2018; Romano et al., 2016) and the point of view (first person versus third person; 
Romano et al., 2016) might affect the SoO and pain perception. Martini et al. (2015) 
asked their healthy participants to observe a virtual arm with different levels of 
transparency in VR while they issued heat pain stimuli. Results showed that participants’ 
SoO was significantly reduced when the avatar’s transparency was increased. Although 
participants’ heat pain perception did not significantly modulate, the researchers found a 
significant negative correlation between heat pain threshold and body ownership ratings. 
Osumi et al. (2014) had their participants observe various types of rubber hands 




perception. They found that the SoO is elicited by observation of the injured, hairy, and 
normal rubber hands. Furthermore, the injured hand was found to significantly lower pain 
thresholds when compared to the normal rubber hand. In another study, Mancini et al. 
(2011) examined virtual hand size in a mirror and its effect on heat pain perception. The 
enlargement of the hand enhanced analgesia, while the reduction decreased it.  
Although manipulating different components of a virtual body’s appearance has 
been tested in varied studies, experiments with pain patients are still rare, so these 
findings require more research before they can be validated. Further, this embodiment 
approach requires limb pain and has not shown any potentials for pain in other body 
parts or inside the body. 
Game mechanics. Unfortunately, although researchers have measured the level 
of presence in VR and in participants’ game experience, to my knowledge, very few 
studies published on or before February 2020 has investigated how VR game 
mechanics or components, such as rewards, uncertainty, or economic systems, 
influence the effectiveness of pain management. The few ones are introduced in the 
following paragraph. 
Active versus passive interactivity. Some studies have investigated how 
passive or active interactivity in VR games impacts pain alleviation. Overall, interactive 
environments or game tasks tend to reduce pain more than non-interactive ones. For 
instance, Wender et al. (2009) measured 21 subjects’ heat-induced pain ratings while 
using interactive and non-interactive VR. Interactive VR produced a 75% improvement of 
the perceived analgesic effect when compared to non-interactive VR. Other research 
compared the interactive VR system versus a 2D display that didn’t have any interaction 
features (Gutierrez-Maldonado et al., 2011) instead of investigating the different types of 
interactions. 
2.4.2. The VR Systems 
VR equipment with different equipment provides different levels of presence, 
which affects the analgesic effect. For instance, Hoffman et al. (2004) proposed that the 
level of presence in VR affects how effectively the environment distracts people from 
their pain and that VR equipment plays a critical role in this. They recruited healthy 




low-tech (2D desktop condition) and high-tech (immersive VR condition) groups. The 
researchers found that the participants experienced a significantly higher illusion of 
being inside the virtual world in the high-tech condition. Moreover, the high-tech group 
also experienced significantly more pain alleviation.  
In another study, Tong et al. (Tong et al., 2016) compared the usability of 
DeepStream 3D stereoscopic display to Oculus Rift’s VR HMD. The characteristics of 
these immersive desktop displays differ: one is worn, enabling patients to move their 
heads (Oculus Rift), while the other is peered into, allowing less head movement 
(DeepStream 3D, Firsthand.com, 2020). The findings suggested that patients feel a 
higher level of motion sickness in the Oculus HMD than the stereoscopic display. 
However, the authors did not collect pain ratings, so it is not clear if participants’ pain 
alleviation differed between groups. 
Furthermore, mobile VR (i.e., mobile devices that are used as a HMD in VR 
scenarios), because of its affordability and ease of use, has the potential of becoming an 
effective tool for pain management for patients. In another study, Amin et al. (2017) 
asked patients to play a VR game using both Cardboard VR (a VR construct that allows 
users to use inexpensive cardboard helmets that block out external visual stimuli and 
focus on their mobile devices) (Google VR, 2014) and Oculus Rift HMD. Although the 
Oculus Rift was found to be considerably more effective with pain patients than both the 
Cardboard and control conditions, Cardboard VR coupled with a smartphone also 
reduced patients’ perceived pain intensity significantly. The results should encourage 
future research inquiries into mobile VR and the management of chronic pain. These 
findings suggested that equipment influences the effectiveness of VR analgesia, for 
instance, comparing 3D displays or HMDs with different screen resolution or field of 
view. Oculus released two new pieces of VR gear named Oculus Go and Oculus Quest 
in 2018 and 2019. These two HMDs are relatively low cost but still provide a high level of 
immersion. Thus, as the boundaries between a high-end HMD and low-cost mobile VR 
blur, patients will be easier to afford them and understand how to use them. Therefore, 




2.4.3. Participants  
In this section, I summarized two primary factors of participants that could affect 
VR’s analgesic outcomes: participants’ pain types and their emotions. 
2.4.3.1. Pain Types (Etiology) 
Almost all virtual embodiment studies have evaluated the impact of varied avatar 
appearances on healthy participants’ induced pain (Martini et al., 2013, 2015; Zanini et 
al., 2017), though Nishigami et al. (2019) and Matamala-Gomez et al. (2019a) were 
exceptions. The findings have revealed that pain types might be affected by avatar 
appearance. For instance, Matamala-Gomez et al. (2019a) explored the analgesic effect 
of different levels of avatars’ transparency and size on pain patients. Their findings 
demonstrated that CRPS patients react differently than PNI patients. Additionally, CRPS 
and PNI patients react differently than healthy participants experiencing induced heat 
pain. Although all VR conditions decrease pain, for the CRPS patients, increased 
transparency of the virtual body decreased pain the most. Nevertheless, increasing 
avatar transparency increases PNI patients’ pain perception, and Martini et al. (2015) 
found similar results regarding healthy participants. Additionally, CRPS patients’ report 
distorted mental representations of their painful body part more often than PNI patients 
(Matamala-Gomez et al., 2019a; Moseley, 2005), meaning the distorted body images of 
CRPS patients might be the reason why they react differently.  
Furthermore, this distorted body image hypothesis (Moseley et al. 2005) could 
also explain the conflicting results of the virtual body size’s impact on pain perception 
among patients and healthy people. In the same paper (Matamala-Gomez et al., 2018), 
a larger or smaller virtual arm size was associated with higher pain ratings in CRPS 
patients than a normal size, though this was not the experience of PNI patients. 
However, in Mancini et al.’s (2011) study, larger hands enhanced analgesia and smaller 
ones decreased it when mirrors were used. Similarly, in Romano et al.’s (2016) 
research, a negative correlation between virtual body size and the skin conductance 
response (SCR) of healthy participants was found but not with subjective pain ratings in 
VR conditions. According to these studies, a possible explanation is that the less 
transparent virtual skin and the enlarged body part strengthen the SoO of healthy 




chronic patients. Therefore, the pain types, whether induced or chronic, might be 
impacting factors that affect the effectiveness of virtual embodiment’s analgesic effect, 
which involves the appearance of a virtual body. 
2.4.3.2. Emotional Responses: Fun versus Anxiety 
Researchers believe that participants’ emotional responses are fundamental to 
obtaining an effective VR analgesic effect, as emotional responses seem to be strongly 
connected to the sense of presence and perceived realism. According to previous 
studies (Hoffman et al., 2008; Sharar et al., 2016; Wender et al., 2009), both fun and 
anxious emotional responses are related to VR-based analgesia’s efficacy, and the two 
responses were always independently analyzed. Gold et al. (2006) used validated 
measures to analyze affective pain (i.e., the degree of worry about the pain) and the 
Childhood Anxiety Sensitivity index to assess trait anxiety in their sample of children 
undergoing intravenous placement. While the association between anxiety and pain is a 
well-known phenomenon in clinical settings, as mentioned by Triberti et al. (2014), more 
emotionally relevant questions need to be assessed, such as how intense are emotions 
during treatment and how could a high or low emotional intensity (positive or negative 
valence) influence patient outcomes.  
2.4.4. Section Summary 
In this section, I categorized the factors impacting VR analgesia from three 
perspectives: VR systems (equipment and hardware configurations), VR content 
(environmental design), and participants’ demographics (pain types and emotional 
responses). Overall, the hardware configurations of a VR system may affect one’s sense 
of presence and VR’s analgesic effects. Due to a lack of research, studies using the 
distraction approach did not reveal any essential differences among VR’s environmental 
design factors. Only one took advantage of red and blue and tasks to modulate heat 
pain stimulus. Based on my review, I found that chronic pain patients respond differently 
to the virtual embodiment analgesia approach than healthy people undergoing pain 
stimulus. Therefore, I decided to include both healthy people and chronic pain patients in 
my dissertation to test the potential effect of pain etiology on the analgesic effect of the 




Chapter 3. Virtual Embodiment and Pain 
Analgesia: Studies with Healthy Participants and 
CRPS Patients 
In this chapter, I review two experiments I conducted to answer the following 
research questions: (1) How do avatar features (movements) affect the induced pain of 
healthy participants? (2) How do avatar features (movements and appearance) affect 
CRPS patients? (3) What are the correlations between virtual embodiment (SoO and 
SoA) and pain? I recruited 19 healthy participants and exposed them to heat pain 
stimulus in Study 1 and 12 CRPS patients in Study 2 to understand how pain types and 
etiologies change virtual embodiment’s effect on pain reduction. In both studies, I 
evaluated the effect of embodied design factors, the elicited SoO and SoA, and their 
correlations with pain reduction. The findings can potentially provide insights and design 
recommendations regarding avatar features to VR researchers, clinicians, and chronic 
pain patients. 
3.1. Research Background 
As mentioned in Chapter 2.1 and 2.3, VR has been used to effectively reduce 
pain levels in both healthy participants exposed to pain stimulus and patients with acute 
and chronic pain. Since Hoffman et al. (2000) first applied a VR environment to the 
management of acute burn pain, many VR researchers have adopted the attention 
distraction approach to pain modulation, especially with acute pain patients (Das et al., 
2005; Garrett et al., 2014; Gold & Mahrer, 2018). In addition to attention distraction, 
virtual embodiment is another approach researchers have used for pain modulation in 
VR interventions (Matamala-Gomez et al., 2019b). It addresses the impact of the virtual 
body or body parts and participants’ sense of owning the body or its parts on pain 
reduction (Matamala-Gomez et al., 2019b).  
As discussed in section 2.3, looking at a real or artificial body or body parts, real, 
virtual or rubber ones, can generate an analgesic effect on pain patients’ perceived 
neuropathic pain or healthy participants under pain stimulus. Most studies suggested 




participants perceive ownership of the virtual hands or body—may account for the 
analgesic effects (Martini, 2016). Researchers postulated that watching artificial hands 
stand in for real ones could suppress or inhibit pain-related neural activity in the 
somatosensory areas (Matamala-Gomez et al., 2019b). Longo et al.’s (2012) 
neuroimaging study proved this hypothesis and showed reduced activation of the 
primary somatosensory cortex and the operculo-insular cortex. Virtual arms’ appearance 
and motions have also been explored, with researchers focusing on skin color (Martini et 
al., 2013), realism (Zanini et al., 2017), skin transparency (Martini et al., 2015), size 
(Romano et al., 2016), and movement (Martini et al., 2014; Zanini et al., 2017). 
Moreover, virtual arms’ appearance (skin color: white vs. black) have also been explored 
under social context to understand its effect on implicit social biases (Banakou et al., 
2020). Researchers found that when the scenario was affectively negative, the 
ownership illusion of White participants over a White body is lessened, and the implicit 
bias was higher for them in a Black body. This example indicates that the social contexts 
can also affect one’s perception of ownership. Generally, results suggest that 
manipulating these visual factors in VR may significantly alter one’s perception of 
ownership, which a few researchers have positively correlated with pain reduction 
(Martini et al., 2014; Zanini et al., 2017). In other words, the more ownership a person 
feels, the better the analgesic effect. 
However, all but one of these ownership and agency manipulations were 
conducted with healthy participants under pain stimulus (Matamala-Gomez et al., 
2019b). In a recent study, Matamala-Gomez, Diaz Gonzalez, et al. (2019a) manipulated 
skin transparency and the size of virtual hands and tested these conditions with CRPS 
patients and PNI patients. Their findings demonstrated that pain types affect the 
effectiveness of the strategies used to present virtual arms. For instance, the authors 
discovered a high probability of a positive association between ownership and pain 
ratings, but only for PNI patients, not CRPS patients. They therefore concluded that the 
best embodiment strategy is one that is tuned to pain etiology.  
Unfortunately, they did not collect or analyze the potential correlations between 
agency and pain. Although some researchers have manipulated the movements of 
virtual arms and elicited changes in agency (Zanini et al., 2017), very few have explored 
the potential associations between agency and analgesic effects. Recently, however, 




agency-associated changes in pain. They compared a high control condition in which the 
virtual arms were synchronized with the real arms’ movements to a low control condition 
in which the virtual and real arms moved asynchronously. Their findings did not reveal 
any significant effect of agency on pain reduction, and they suggested that future studies 
explore stronger agency manipulation strategies, such as experimenting with the no 
control movement condition. 
Focusing on agency, in the two studies described in Chapter 3, I manipulated 
virtual arm motions in both studies and provided two movement conditions because the 
literature suggests that the extent to which participants control the movements of virtual 
bodies or their arms significantly affects their SoA (Käthner et al., 2019). Synced 
movement conditions have allowed participants to have high degree of control over their 
virtual arms, whereas participants have otherwise had no control over their virtual arms 
and they have remained static. I assumed that the synced movement would elicit 
significantly higher agency than the static condition and be positively correlated with pain 
reduction. Moreover, building upon Matamala-Gomez et al. (2019a), I deployed a virtual 
realism factor in Study 2 with CRPS patients to test their SoO and associated pain 
reduction with realistic arm conditions and abstract tube conditions. Since Matamala-
Gomez, Diaz Gonzalez, et al.’s experiment did not reveal any correlation between size- 
and transparency-induced ownership and pain, I would like to further explore whether 
virtual realism influences the analgesic effect in other patient populations. Building on 
Zanini et al.’s (2017) findings, I hypothesized that realistic arms would elicit a higher 
ownership level than tubes, which could be associated with a better analgesic effect. 
The main measures were self-reported pain ratings and embodiment ratings of 
ownership and agency. Below, I describe the methods, data analysis, and results of both 








I recruited 19 healthy participants using a convenience sampling approach (14 
females; mean ± SD age = 23.22 ± 3.35 years old). All were university undergraduate 
and graduate students who were recruited from social media and online forums, and all 
right-handed. All participants had normal or corrected-to-normal vision and no history of 
neurological or psychological disorders. The inclusion criteria were that participants had 
to be older than 19, and the exclusion criteria were the presence of clinical pain, health 
problems, or drug use issues. This study was approved by Peking University’s ethics 
committee. All participants signed the consent form and were informed of the study’s 
goals and procedures, how the heat pain would be induced, and that they could 
withdraw at any point without consequence. Each participant received monetary 
compensation. 
3.2.1.2. Apparatus 
The immersive VR system included an HMD made by HTC VIVE with 
1080×1200-pixel resolution per eye and a field of view of 110 degrees (see Figure 4.1A). 
The motion capture sensor was the Leap Motion Controller (see Figure 4.1B), which 
enables observation of a roughly hemispherical area; this is especially appropriate for 
detecting finger, hand, and forearm movements from a distance of 1 meter. 
 
 
Figure 3.1 A. HTC Vive HMD (copyright @ HTC Vive). B. Leap Motion controller (copyright @ Leap Motion). 




The Medoc Pathway CHEPS medical-grade machine (Figure 3.1C) provided the 
heat pain stimuli. I attached its 2.5×5.0 cm thermode to the front of each participant’s 
right forearm with a strap. I ramped the temperature up from 32°C to 46.5°C in 
increments of 1.5°C/s. I held the peak temperature for three seconds and cooled it to a 
normal temperature in one second immediately after. I determined 46.5°C as the peak 
temperature because Suzan et al. (2015) identified it as a painful but safe temperature 
for most people. 
3.2.1.3. Procedures 
I adopted a within-subject design. The independent variable was the movement 
condition of the virtual arms (static vs. synced). The dependent variables were self-
reported pain, SoO, and SoA ratings. Before the study, I gave participants three heat 
stimuli that I increased from 32°C to 46.5°C and held for three seconds. This process 
allowed participants to get familiar with heat-induced pain and understand how to rate 
their pain levels from 0 to 10. I chose to use self-reported ratings rather than threshold 
temperatures because from a pilot test with a different group of participants, I found that 
people got used to the heat-pain stimuli quickly. Moreover, their pain thresholds drifted 
to a large extent under the same study intervention, which made the results less 
trustworthy.  
Afterward, I asked them to put on the HMD, and they experienced all three VR 
conditions in the counterbalanced order set out below. 
(1) Control condition: Participants saw a virtual room without a virtual body or 
arms (see Figure 3.2A). 
(2) Static arm condition: Participants saw static virtual arms from a first-person 
perspective. At the beginning, I asked them to position their real arms in a position and 
gesture co-located with the VR environment (see Figure 3.2B). During the study, I asked 
the participants to move their real arms the same way as in the Synced condition. 
(3) Synced arm condition: Participants saw the virtual arms, which moved 
synchronously with the real arms (see Figure 3.2 C). 
In both the control and static conditions, participants were not able to see the 




“arms”). In the synced movement group, they saw precisely how the movement of their 
arms was reflected in the virtual arms’ movements. In each condition and trial, I asked 
participants to perform the same gestures with their real arms and hands before and 
during the heat ramps. The gestures included different kinds of arms and fingers’ 
movements: (a) making a fist and opening the hand, (b) wave hands, and (c) posing 
number 1 to 10 using fingers. In each condition, I provided three heat stimuli with 30 
seconds between each stimuli. I collected pain ratings immediately following each 
stimulus, and I collected embodiment ratings between each condition. I did not ask 
participants to rate ownership and agency after the control condition because no virtual 
bodies were displayed in that condition. Participants had a five-minute washout period 
(i.e., the washing out or away of pain stimuli experiences) between conditions.  
 
Figure 3.2 A. Control condition. B. Static arm condition. C. Synced arm condition. 
3.2.1.4. Instruments 
Immediately following each pain stimulus, I asked participants to assess the pain 
they just experienced on a 11-point numerical rating scale (NRS). I told each of them 
that 0 meant no pain at all, 4 indicated the starting point of mild pain, and 10 referred to 
the worst pain they could imagine. At the end of the two experimental conditions, I asked 
participants to rate their ownership and agency from 0 to 10; 0 stood for “totally 
disagree” and 10 for “totally agree” (see Table 3.1). I adapted this approach from Martini 
et al. (2014) and Zanini et al. (2017). 
Category Questions: During the current experiment condition… 
SoO 1. …I felt as if the virtual right arm and hand were my real right 
arm and hand. 
2. …I felt that my real right arm and hand became virtual. 




4. …I felt the virtual fingers and hand move in the same way as 
my real fingers and hand. 
Table 3.1 SoO and SoA Questionnaire. 
3.2.1.5. Statistical Analysis 
I averaged the single-trial pain ratings for each condition and subject. I then 
carried out a check of the outliers and identified no values (> 1.5-times the SD from the 
group’s mean). None trials were excluded in all three conditions. To compare average 
pain ratings and embodiment ratings across conditions, I conducted a one-way ANOVA 
analysis with repeated measures and a post-hoc pairwise comparisons with Tukey tests 
for each dependent variable. If Mauchly’s Test of Sphericity was violated and the 
estimates of sphericity were greater than .75, I used a Huynh-Feldt correction; but if the 
estimates of sphericity were less than .75, I adopted the Greenhouse-Geisser correction 
of F and p values from ANOVA indicated by F* and p*. If any independent variable or 
combinations had statistically significant effects (p < .05), Bonferroni-corrected post-hoc 
tests were used to determine which pairs had statistically different. If applicable, the 
effect size (η2) is also reported for statistically significant effects. For comparison, η2 = 
0.01, 0.059, 0.138 correspond to small, medium, and large effect size. Further, non-
parametric Spearman’s correlation tests were used to examine any possible 
associations between SoO and pain, and SoA and pain, and SoO and SoA for each 
condition. 
3.2.2. Results 
3.2.2.1. Pain Ratings 
A repeated measures one-way analysis of variance (ANOVA) revealed a main 
effect of the virtual arms factor on pain ratings (F1,17 = 10.77, p = .001, η2 = 0.57). As 
shown in Figure 3.3A, both the static arm condition (mean = 5.61, SE = 0.42) and 
synced arm condition (mean = 5.5, SE = 0.41) related to a significantly lower pain rating 
than the control condition (mean = 6.44, SD = 0.46). The mean pain rating of the control 
condition was significantly higher than the static arm condition (mean difference = 0.83, 
p < .001) and the synced arm condition (mean difference = 0.94, p = 0.002). However, 
there were no significant pain rating differences between the static arm and synced arm 





Figure 3.3 A. Mean values of pain ratings in each condition with SE bars. B. Mean values of ownership and 
agency ratings of static and synced conditions. C. Scatter plots of pain ratings and embodiment ratings. 
3.2.2.2. Virtual Embodiment Scores and Correlation Analysis 
A t-test showed that participants’ ratings of ownership in the synced arm 
condition (mean = 8, SD = 2) were significantly higher than in the static arm condition 
(mean = 1.82, SD = 3.03), t = 7.85, p < .001. I found the same tendency in agency 
ratings of the synced arm condition (mean = 7.67, SD = 3.54), which were significantly 
higher than the static-arm condition (mean = 1.22, SD = 1.92), t = 10.27, p < .001. Thus, 
the results indicated that the virtual arms’ motion states significantly affected 
participants’ ownership and agency; synced movement elicited higher levels of 
ownership and agency than the static state. Figure 4.3B illustrates ownership and 
agency ratings in three conditions in a box plot. Overall, participants’ ratings of 
ownership correlated with their ratings of agency (r = 0.78, p <. 001). 
However, I did not find any correlations between ownership and pain ratings and 
agency and pain ratings in both static and synced conditions. Non-parametric 
Spearman’s correlation test showed that participants’ ratings of SoO and SoA were 
correlated with each other in the Static condition (rs = .35, p = .013), and in the Synced 
condition (rs = .60, p < .001). Across conditions, they were also correlated (rs = .45, p < 
.001). However, I did not find any correlation between SoO and pain ratings (rs = .23, p = 
.55) and SoA and pain ratings (rs = .19, p = .631) after running Spearman’s correlation 
tests across the two conditions. However, such correlation analyses pooled together 




bias. Therefore, I also examined the correlations between embodiment and pain under 
each experimental condition. Unfortunately, I didn’t find any significant correlations either 
between SoO and pain, or between SoA and pain, under each VR condition.   
3.3. Study 2: Virtual Embodiment and Pain Analgesia for 
Complex Regional Pain Syndrome 
3.3.1. Method 
3.3.1.1. Participants 
I recruited 12 CRPS participants from pain doctors’ clinics (four males; age: 
mean ± SD = 66.2 ± 9.3); all were right-handed. All participants were Type I, had normal 
or corrected-to-normal vision, and had no history of neurological or psychological 
disorders. The difference between CRPS Type I and Type II are that patients diagnosed 
with CRPS Type I have no nerve injury, but there is a confirmed nerve injury in Type II. 
 The patients had been diagnosed with CRPS for 9.3 ± 8.0 years (mean ± SD), 
ranging from 54 to 82 years old (median = 63). The inclusion criteria were that they had 
to be older than 19 and have been diagnosed with CRPS. The university’s ethics 
committee approved the study. All participants signed the consent form and received 
monetary compensation. 
3.3.1.2. Apparatus 
I used the same equipment (VR headset and Leap Motion movement tracker) as 
in Study 1 except that the participants were CRPS patients in this study instead of 
healthy people under heat pain. 
3.3.1.3. Procedures 
This within-subject study had two independent variables: (a) visual realism 
(realistic arms versus abstract tubes) and (b) motion of the virtual arms (synchronous 
versus static movement). The dependent variables were self-reported pain, ownership, 
and agency ratings. To acquire baseline data, I asked participants to rate their pain 




and they experienced five VR conditions from a first-person perspective in the 
counterbalanced order set out below. 
(1) Control condition (see Figure 3.4A): Participants saw the VR environment but 
not arms or tubes. 
(2) Static tube condition (see Figure 3.4B): Participants saw tubes in VR that 
indicated abstract arms and stayed static. I asked them to co-locate and pose their real 
arms in the same way as the VR tubes. 
(3) Static arm condition (see Figure 3.4C): Participants saw realistic, static arms 
in VR. I asked them to co-locate and pose their real arms in the same way as the VR 
arms. 
(4) Synced tube condition (see Figure 3.4D): Participants saw tubes that 
indicated abstract arms in VR and moved synchronously with their real arms.  
(5) Synced arm condition (see Figure 3.4E): Participants saw realistic arms in VR 
that moved synchronously with their real arms. 
In each condition and trial, I asked participants to perform the same gestures as 
in Study 1 (Chapter 3.2.1.3) with their real hands. I collected pain, ownership, and 
agency ratings immediately after each condition. I did not ask participants to rate 
ownership and agency after the control condition because no virtual body was displayed 
in this condition. They had a five-minute washout period between every two conditions, 
during which they took off the VR HMD. Figure 3.5 showed a CRPS patient participating 





Figure 3.4 A. Control condition. B. Static tube condition. C. Static arm condition. D. Synced tube condition. 
E. Synced arm condition. 
 
 
Figure 3.5 A CRPS patient was participating in the study. 
3.3.1.4. Instruments 
Study 2 adopted the same set of instruments as Study 1, including the 11-point 
NRS pain ratings and ownership and agency self-reported ratings (see Table 3.1). 
3.3.1.5. Statistical Analysis 
I conducted a 2*2 repeated-measures (two within-subject factors: visual realism 
and motion; two levels for each factor) ANOVA test to analyze the relations between two 
independent variables and each dependent variable (pain, ownership, and agency. If 
Mauchly’s Test of Sphericity was violated and the estimates of sphericity were greater 
than .75, I used a Huynh-Feldt correction; but if the estimates of sphericity were less 




indicated by F* and p*. If any independent variable or combinations had statistically 
significant effects (p < .05), Bonferroni-corrected post-hoc tests were used to determine 
which pairs had statistically different. If applicable, the effect size (η2) is also erported for 
statistically significant effects. For comparison, η2 = 0.01, 0.059, 0.138 correspond to 
small, medium, and large effect size. Further, non-parametric Spearman’s correlation 
tests were used to examine any possible associations between SoO and pain, and SoA 
and pain, and SoO and SoA for each condition. I also conducted a linear regression 
analysis to predict pain using SoO and SoA ratings as predictors for pain in each 
condition, and the significance level of statistical tests was set at  = 0.05. 
3.3.2. Results 
3.3.2.1. Pain Ratings 
The two-way repeated-measures ANOVA test with Huynh-Feldt correction 
revealed that visual realism had a statistically significant effect on CRPS patients’ pain 
ratings, F* = 29.33, p* <.001, η2(2) = 0.73. The mean and SD values of pain ratings are 
shown in Table 4.2. I ran post-hoc paired-samples t-tests to find the pairs with significant 
differences (see Figure 3.6). The findings showed that the static tube condition had a 
significantly better analgesic effect compared to the static arm condition (t = -3.767, p = 
0.003), and the synced tube condition also had as significantly better analgesic effect 
than the synced arm condition (t = -3.527, p = 0.005). However, the effect of motion 
(static versus synched) on pain (F = 0.45, p >. 05, η2(2) = 0.04) and the interaction effect 
of visual realism and motion on pain (F = 0.17, p >.05, η2(2) = 0.02) were not significant. 
In other words, I did not find any significant differences in pain ratings between the static 
tube and synced tube conditions or between the static arm and synced arm conditions. 
Therefore, results indicated that the virtual arms’ appearance significantly affected the 





Figure 3.6 A. Mean self-reported pain ratings (baseline and five VR conditions with SE error bars). B: Means 
pain reduction to the control condition in four experimental conditions. C: Means pain reduction to baseline 
condition in four experimental conditions. 
3.3.2.2. Virtual Embodiment Scores and Correlation Analysis 
Next, I ran repeated-measures ANOVA tests to understand how visual realism 
and motion impact virtual embodiment ratings (SoO and SoA). 
Sense of agency. I found that the motion factor had a statistically significant 
effect on participants’ agency (F = 79.7, p <.001, η2(2) = 0.99). Post-hoc paired-samples 
t-tests showed that participants perceived significantly higher agency in the synced arm 
condition (mean = 8.727, SD = 0.753) than in the static arm condition (mean = 1.09, SD 
= 0.793), t =21.58, p < 0.01, and in the synced tube condition (mean = 8.818, SD = 
0.965) than in the static tube condition (mean = 1.273, SD = 0.835), t = 21.18, p < 0.01 
(see Figure 4.6A). Synchronized movement significantly improved participants’ agency 
when compared to the static state, regardless of the virtual arms’ realism levels. The 
findings did not show significant differences in participants’ agency between the static 
tube and static arm conditions or the synced tube and synced arm conditions. This 
suggested that visual realism did not affect participants’ agency, regardless of their 
motions. Further, the interaction effect of visual realism and motion was not significant 
either. 
Sense of ownership. The findings suggested that the main effects of visual 
realism (F1,11 = 69.88, p <.001, η2(2) = 0.86) and motion factors both had statistically 
significant effects on ownership (F 1,11 = 8.25 p =.015, η2(2) = 0.43). There is no 




=.339, η2 = .083). Post-hoc paired-samples t-tests revealed that the static arm condition 
(mean = 5.67, SD = 1.87) elicited a significantly higher ownership than the static tube 
condition (mean = 2.5, SD = 1.62), t = 8.2, p < 0.001; the synced arm condition (mean = 
6, SD = 2.04) also saw significantly higher ownership than the synced tube condition 
(mean = 3.17, SD = 1.8), t = 6.99, p < 0.001 (see Figure 3.6B). This result indicated that 
visual realism levels affected ownership levels; when the motion states were the same, 
the realistic arm elicited higher levels of ownership than the abstract tubes. In comparing 
the two abstract tube conditions, I found that participants rated a significantly higher 
ownership level in the synced condition than the static condition (t = 2.97, p = 0.013). 
However, when comparing the two realistic arm conditions, synced movement and static 
movement did not significantly differ (t = 1.3, p = 0.22). This indicated that when the 
virtual arms were at a low level of visual realism (the tube condition), motion (static 
versus synced) affected participants’ SoO. In contrast, participants did not perceive any 
differences in ownership during different motion states when they saw highly realistic 
virtual arms. 
 
Figure 3.7 A. SoA scores’ boxplot in four experimental conditions. B: SoO scores’ boxplot in four 
experimental conditions. 
3.3.2.3. Correlation Analysis 
We first ran Spearman’s correlation tests to assess the relationships between (a) 
pain and SoO, (b) pain and SoA, and (c) SoO and SoA under the four experimental 
conditions. When pooling together data from the four conditions, we found that pain 
ratings and SoO were positively correlated (rs = .367, p = .01). We did not find any 
significant correlations between pain ratings and SoA (rs = .175, p = .234), or between 




elicited by the virtual body, the less pain reduction to baseline participants reported, 
which was similar to the pain rating predictions. However, such correlation analyses 
pooled together data from the four virtual arm conditions, thus they might be plagued by 
autocorrelation bias. Therefore, I also examined the correlations between embodiment 
and pain under each experimental condition. Unfortunately, I didn’t find any significant 
correlations either between SoO and pain, or between SoA and pain, under each VR 
condition. In simple linear regression tests, when I analyzed ownership and agency’s 
effect in predicting pain reduction to control, the findings did not reveal any significant 
predictors. Figure 3.8 shows a scatter matrix for the three dependent variables: pain, 
SoO, and SoA ratings, which further illustrates the potential null correlations between 
SoA and pain. 
 






3.4.1. Summaries of Both Studies 
I aimed to understand the effect of two avatar features (motion and visual 
realism) on pain reduction. More specifically, I focused on the induced sense of virtual 
embodiment (ownership and agency) on pain reduction with healthy participants under 
heat pain in the first study and CRPS patients in the second. The results demonstrated 
that for both healthy participants and CRPS patients, seeing virtual arms in VR from a 
first-person perspective significantly reduced self-reported pain ratings compared to the 
control conditions in which the virtual arms did not appear. The mean differences 
between experimental conditions on the NRS pain ratings (0–10) of up to 1.2 to 2 points 
on the group level had previously been suggested to mark a clinically meaningful change 
in studies with pain patients (van der Roer et al., 2006). Therefore, Study 1 
demonstrated meaningful changes in pain for both induced pain and chronic pain 
conditions (see Figure 4.3A and Figure 4.5).  
Moreover, the results also showed that manipulating the motions and visual 
realism of the embodied virtual arms can strongly affect ownership and agency. 
Nonetheless, changes in virtual embodiment did not necessarily induce changes in pain 
ratings. Unlike what I hypothesized (that agency would affect pain), I did not find a 
significant effect of synced movement and the induced agency changes on pain 
reduction. I also did not observe significant correlations between motion-induced SoA 
and pain reduction in either study. Regarding the relationship between SoO and pain 
reduction, contrary to the hypothesis, the abstract tube conditions elicited significantly 
lower ownership but a significantly better analgesic effect than the realistic virtual arms 
conditions in Study 2. Although Pearson’s correlation tests did not find any correlations 
between ownership/agency and pain in both studies, multivariable linear regression 
results suggested that ownership is a negative predictor of pain reduction for CRPS 
patients. In other words, the visual realism factor negatively impacted CRPS pain 
reduction, as the abstract tube condition showed a better analgesic effect but less 




3.4.2. Visual Realism, Ownership, and Pain Reduction 
In Study 2, the realistic arm condition elicited a significantly higher ownership 
level than the abstract tube conditions, suggesting that increased visual realism 
improved CRPS patients’ SoO. However, patients experienced significantly higher pain 
ratings in the realistic arm conditions, and the multivariable linear regression analysis 
also revealed negative correlations between ownership and pain reduction. This result is 
contrary to that of Zanini et al. (2017), who conducted a similar study with healthy people 
in which realistic arms had a better analgesic effect than abstract tubes. Additionally, I 
observed a more contrary relationship (negative) between ownership and pain reduction 
in CRPS patients than prior studies conducted with healthy people (Martini et al., 2014; 
Zanini et al., 2017). For instance, Martini et al. (2014) found that the less transparent the 
virtual arms’ skin, the higher the ownership healthy participants feel, meaning ownership 
positively correlates to pain reduction levels (Martini et al., 2014). The authors referred to 
VHI to explain the analgesic effect, and their findings showed that stronger VHI 
correlates with a better analgesic effect. Here, one of the possible causes of the 
negative correlation is attention distraction. In a VR environment, the virtual arms may 
distract patients from their bodily pain. Further, the co-located tube-shaped arms can be 
novel and visually more distracting than the realistic ones. Therefore, the abstract tube 
conditions reduce pain more significantly than the realistic arm condition. The second 
possible explanation is predictive coding. When participants see a tube-shaped 
presentation of their arms, the predictive coding mechanism may shift their brains’ focus 
much farther away from their real body to map the appearance of the new arms in VR. I 
hypothesize that tubes might be too novel for CRPS patients to find proper references 
and cognitively map their real bodies to the virtual tubes. Therefore, participants focus 
less on their pain and it is further reduced when compared to the realistic arm condition. 
Unfortunately, virtual embodiment theory, or VHI, seems unable to explain the negative 
correlation between ownership and pain reduction. I’d suggest future work to further 
explore how varying appearances and motion states of virtual body affect different type 
of chronic pain patients’ pain outcomes. See further discussions about design 




3.4.3. Motion States, Agency, and Pain Reduction 
Apart from visual realism manipulation, the other primary focus of my studies was 
to explore how agency affects people’s pain modulation. Results indicate that the 
agency manipulation was successful in both studies; healthy participants and CRPS 
patients all felt a significantly higher SoA in the synced and static movement conditions, 
regardless of pain types or appearance. Further, SoA was not proven to be a pain 
predictor in the linear regression analysis. Such findings were also in line with Käthner et 
al.’s (2019) research in which they did not identify differences between synchronous 
movement conditions (high control) and asynchronous conditions (low control). Although 
I compared high control and no control (synchronous and static) movement conditions, 
as suggested by Käthner et al., I was unable to reveal any effects of agency on pain in 
both studies. In these two studies, I only compared self-reported explicit ratings of 
agency. Similar to Käthner et al., my results did not show any effect of motion-induced 
agency on pain. Much like the authors, I believe that future research should implement 
intentional binding paradigms (Kong et al., 2017) to assess implicit measures of agency 
and investigate factors such as outcome choice and initiation of motor actions, which 
may lead to meaningful outcomes. Moreover, future research with more participants and 
testing data is required to draw a firm assumption on the correlation between agency 
and pain. 
3.4.4. Study Limitations 
Here, I address the limitations of both studies. Study 2 had a limited number of 
participants (12 people) because of the difficulty of recruiting CRPS patients. This may 
have limited my search for interrelationships among conditions. Further, both studies 
used subjective and self-reported measures of virtual embodiment perceptions. Hence, I 
only measured explicit virtual embodiment. The embodiment (SoO and SoA) scale 
wasn’t validated and was a limitation of this research. Other objective approaches could 
be taken to measure the implicit aspects of ownership and agency in future studies to 
fully understand the associations between avatar features and pain reduction. For 
instance, measuring motor actions in intentional binding tasks can be useful in assessing 
implicit agency (Kong et al., 2017). Therefore, the significant changes of embodiment 
ratings lack evidence to reach clinical relevant findings or difference. So future research 




even though pain has no biomarkers and participants’ subjective reporting was the 
primary means of evaluating it, neurofeedback or biofeedback measurements of fMRI, 
SCR, galvanic skin responses (GSR), electroencephalogram (EEG), and/or heart rate 
variability (HRV) may also be collected to better understand the underlying mechanisms 
of pain modulation. Finally, I manipulated only two factors, each on two discrete levels, 
that affect participants’ virtual embodiment. Future studies might benefit from 
manipulating continuous SoO/SoA conditions, and also benefit from a control group 
outside VR where participants look at their real arms. 
3.5. Chapter Summary 
This chapter examined the effect of virtual embodiment’s two subcomponents—
SoO and SoA—on pain reduction in two studies with CRPS patients and healthy 
participants exposed to heat-induced pain. The results showed that VR conditions with 
virtual arms significantly reduced pain for these two groups, regardless of the virtual 
arms’ appearance or movements. However, no effects of agency on pain reduction were 
revealed in either study, and I observed a negative correlation between ownership and 
pain reduction in Study 2. The non-correlation between agency and pain and the 
negative correlation between ownership and pain raised further questions about 
exploring more specific virtual embodiment approaches or conditions to enhance VR 
analgesia. The findings also suggested that attention distraction or predictive coding 
could offer explanations other than VHI for the previously reported analgesic effects 
caused by seeing virtual bodies in VR environments.  
Prior research compared VR with and without virtual bodies in non-interactive 
environments, but interactive environments in which people can interact with virtual 
objects, navigate space, or trigger changes may attract similar or more attention levels 
than simply seeing virtual bodies. Therefore, apart from embodiment, future research 
should consider measuring participants’ attention levels, such as gaze detection, under 
interactive environmental settings and compare pain outcomes with and without the 
presence of virtual bodies.  
These two studies contributed to VR analgesia research by examining the effect 
of two avatar features and their induced virtual embodiment on pain reduction. Findings 




people and CRPS patients’ pain but also point to possible new directions and alternative 
explanations for the mechanisms of action in contexts of virtual embodiment. Further, 
these two studies imply that VR designs that strive for high levels of realism may be 
counterproductive in reducing the pain of chronic patients, such as those suffering from 
CRPS. To conclude, findings from this chapter will inform the design of virtual bodies or 
avatars for analgesic effects and also provide key understandings about the effects of 
virtual embodiment in pain to VR researchers and designers (see Chapter 7.2 for details 




Chapter 4. Alleviating Phantom Limb Pain in VR: 
The Landscape and a New Attempt 
In Chapter 4, I conducted studies with both CRPS patients and health 
participants exposed to induced pain and analyzed the correlation between virtual 
embodiment and pain. To further explore the effect of virtual embodiment on pain 
reduction in other types of chronic pain patients, I studied PLP patients, and I present 
the results in this chapter.  
PLP patients suffer from a unique type of chronic pain, and 90% of people 
experience it after limb amputation or severe injury, such as a BPA (Flor et al., 2006; 
Nikolajsen et al., 2006; Pezzin et al., 2000). These patients typically experience a poor 
QoL and a slow adaptation to their pain condition, and they report amplified feelings of 
depression and anxiety as well as maladaptive coping strategies (Giummarra & 
Moseley, 2011). PLP is challenging to treat, and multiple drug trials have failed to show 
efficacy (Ehde et al., 2000). Furthermore, what causes PLP is debatable (Giummarra & 
Moseley, 2011). Three principal mechanisms have been posited: peripheral factors, 
spinal factors, and central brain changes (Giummarra & Moseley, 2011). To explore 
these possible causes, researchers have taken many different approaches, such as 
mirror therapy (Ramachandran & Rogers-Ramachandran, 1996; Ramachandran et al., 
1995).  
In this chapter, I present the results of a systematic literature review, and I detail 
a case series. The goal of the literature review was to summarize and assess VR/AR 
game features and feasibility, study design, and analgesic effect and to shed light on 
future research. The case series experiment was carried out to answer the following 
research questions: (1) does controlling a virtual avatar in the mirrored movement of the 
phantom limb help PLP patients reduce their pain? (2) Is there any correlation between 





4.1. The Landscape: A Systematic Literature Review of VR, 
AR, and Phantom Limb Pain Alleviation 
4.1.1. Research Background  
As discussed in Chapter 2.1.2, researchers believe the immersive VR and AR 
generally provide a rich sense of bodily ownership in contexts of pain management, 
including PLP. For instance, Giummarra and Moseley (2011) emphasized the 
relationship between PLP and bodily awareness. They suggested that the VR approach 
is one of the most innovative techniques for manipulating bodily representations.  
VR/AR applications have been implemented in two primary ways for PLP 
interventions. One approach is similar to mirror therapy; movements are mirrored in 
VR/AR, which is thought to induce vivid illusions of seeing the missing limb and enabling 
greater control of its imagined movements (Rodriguez et al., 2017; Heckman et al., 
2013; Henriksen et al., 2016; Henriksen et al., 2017; Mouraux et al., 2017; Murray et al., 
2007; Osumi et al., 2015;  Osumi et al., 2018; Rothgangel et al., 2018; Sano et al., 2015; 
Wake et al., 2015). Although mirror therapy does not work for every PLP patient, it was 
reported to reduce PLP in eight studies reviewed here and among half their participants 
(Chan et al., 2007; Foell et al., 2014; Heckman et al., 2013; Kim & Kim, 2012; Mouraux 
et al., 2017; Murray et al., 2007; Osumi et al., 2015, 2017, 2018; Rothgangel et al., 2018; 
Sano et al., 2015). The other approach is motor execution, in which the movement of the 
patients’ missing body parts are simulated in VR/AR according to the residual 
movements of the affected limbs. The movements are usually measured by motion 
trackers or biosensors that attach to their stumps, like EMG sensors or fiducial markers 
(Ortiz-Catalan et al., 2014, 2016; Perry et al., 2013, 2018; Zanfir et al., 2017; Zweighaft 
et al., 2012; Ambron et al., 2018; Ortiz-Catalan et al., 2016). Both mirror therapy and 
motor execution have shown great promise for PLP patients. 
Researchers have tried to analyze or assess the effectiveness of VR/AR’s 
analgesic effects on PLP. However, few have analyzed how VR/AR affected PLP 
patients’ embodiment, phantom limb movement approach (mirror therapy and motor 
execution), and study design types. In 2014, Lenggenhager et al. (2014) reviewed 
multiple nonpharmacological therapies for treating PLP and discussed the role of 




how they reverse “maladaptive neuroplasticity” (p. 1). However, they did not report 
experimental details or the associated outcomes of VR/AR environments. Later, Dunn et 
al. (2017) explored current VR/AR research prototypes and studies on PLP. The authors 
summarized eight studies in total, all of which were case studies and case series. After 
their review, 10 more research studies were by January 2020. These investigations 
involved a greater number of patients and provided more insights into how sense of 
embodiment, varied study designs, and phantom limb movement in VR/AR 
environments affect pain. Therefore, drawing on the growing number of studies on 
VR/AR and PLP patients, my overarching goal was to examine how VR/AR affects 
patients’ PLP, understand the correlations between embodiment and PLP, and assess 
the study methods and outcomes of existing research.   
4.1.2. Method 
4.1.2.1. Search Strategy  
To collect all available studies using VR/AR applications in PLP interventions, 
with another researcher, we conducted a literature search in various databases, 
including Cochrane, PubMed, IEEE, ACM, and Google Scholar. The primary search 
terms were “virtual reality,” “augmented reality,” and “phantom limb pain.” The secondary 
keywords included “sense of ownership,” “sense of agency,” “body ownership,” “body 
agency,” and “phantom limb movement.” Additionally, the two of us categorized and 
analyzed all the relevant studies identified in the reference lists. We compared our 
categorization and notes to make final decisions through discussions and reached into 
agreement about the classification and selection procedure. 
4.1.2.2. Eligibility Criteria  
The inclusion criteria were as follows: (1) type of study design (RCTs, non-
randomized controlled trials, interrupted time series, before-and-after studies [controlled 
and not], cohort studies, case control studies, case series/case reports, systematic or 
scoping reviews, and meta-analyses); (2) type of intervention (VR/AR applications); (3) 
type of participants (healthy subjects or patients); (4) type of outcomes (any outcome); 
and (5) language (English). The exclusion criteria included: (1) type of study design 
(feasibility studies not on human subjects, technical or developmental descriptions, 




computer-mediated VR or AR); (3) type of participants (nonhuman animal); and (4) 
originality (non-original data and methods included in other papers).  
4.1.2.3. Study Selection  
I reviewed and extracted the studies and papers. Twenty met the eligibility 
criteria and entered the final selection (see Figure 4.1 for selection processes). Among 
them, 13 used immersive VR, and seven used AR (non-immersive, displayed in tablets 
or monitors). See tables 4.2 and 4.3 for more details about each selected study. 
 
Figure 4.1 The selection process of reviewing studies included in this chapter. 
4.1.2.4. Outcomes  
The primary outcomes were pain intensity, embodiment, and phantom limb 
movement. Researchers generally assessed pain intensity with SF-MPQ and VAS or 
NRS. If they used other tools, I included them as well. The secondary outcomes are 
sense of embodiment in VR and phantom limb movement. As no standard scales or 




interview results that researchers collected. The Modified Sackett’s Levels of Evidence 
Table (PEDro scale) was used to assess the level of evidence for each of the 20 studies 
(see Table 4.1; PEDro Scale, 1999). 
Levels Evidence 
1 RCTs with PEDro score ≥ 6 
2 RCTs with PEDro score < 6, cohort and non-RCTs 
3 Case control studies 
4 Pre-post studies, post-test studies, or case series 
5 Observational studies, clinical consensus, or case reports 
Table 4.1 Modified Sackett's Levels of Evidence Table. 
4.1.3. Results 
Summaries of the included studies are presented in Table 4.2. I summarized the 
study design, including the number of participants, participant types, length of sessions, 
session frequencies, and follow-up periods. More specifically, almost half the studies 
had only two to nine participants, and three of those were case studies or case series. 
Four studies had 10 to 19 patients. The remaining three had 20 to 50. A total of 181 
participants were included in all selected studies; 81 were upper limb patients, 45 were 
lower limb patients, and 16 were BPA patients. All 39 healthy subjects were recruited for 
feasibility tests in three studies. As for the frequencies of study sessions, approximately 
half conducted a single session. In six, researchers asked their participants to come in 
every one to two weeks. In two, participants were asked to come in every three to four 
weeks. In three, there were one to two days between sessions. Post-study follow ups 
were uncommon: in 17 of the 22 studies, researchers did not follow up with participants 








Studies Study Design Participants Equipment Intervention Measurements Primary Findings 
Murray et al. 
(2007) 
Case study 3 amputees 
(2 upper & 1 
lower) 
V6 HMD, 5DT-
14 Data glove, 
Fastrak, motion 
sensors 
MT, 4 VR tasks –
placing objects, 
kicking a ball, 
tracking the motion 







All 3 patients reported pain 
decreases to differing 
degrees (qualitative data). 
Quantitative data were not 
reported. 



















10 of 14 reported improved 
pain relief; the average pain 




















the system: esp. 
ergonomics. 
The system can detect 
certain gestures & provide 
visual feedback co-locating 




Case study 1 upper limb 
amputee 
AR tablet and 
infrared camera 
MT, 1 AR task –
observation of the 
phantom limb 
Qualitative report 
of pain sensation. 
Qualitative findings revealed 
decreased pain scores in 
one PLP patient. 














VAS. Average Daily PLP: 
Improved from 6.8 to 5.2. 
SF-MPQ: Improved from 6.0 




3.4. 6/7 had improvement in 
signal to motion accuracy. 
Ortiz-Catalan 
et al. (2014) 
















The patient reported pain 
reduction and his phantom 
hand gesture changed from 
closed fist to a relaxing 
position. 




1 upper limb 










4/5 patients reported pain 
improvement; Maximum 
Improvement: 86% in one 
patient with a tactile 
feedback condition. 
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5/6 had a pain reduction, the 
rate ranged from 3.3% to 













MT, 3 VR games– 
binding, pressing 
button & matching 
The range of 
motion of each 
exercise, 
preferences. 
The VR games increased 
participants' exercise level of 
the phantom hands. 
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NRS: 39.1 to 28.4% pain 
relief (p = 0.015); SF-MPQ: 

























2/3 participants felt their 
intact and amputated hands 
were encouraged to move 
and they had an increased 
control of the amputated limb 
rep. 
Ortiz-Catalan 




















activities for daily 
life. 
Pain decreased by 47% for 
weighted pain distribution, 
32% for NRS, 51% for the 
pain rating index; continued 
improvements remained 6 









MT, 1 VR task – 
reaching and 




usability of the VR 
game: functions, 




The system can provide a 
natural and effective method 
for participants to interact. 
Chau et al. 
(2017) 
Case study 1 upper limb 
amputee 
MYO band, HTC 
Vive 
ME, 1 VR task –
grabbing objects 






McGill Pain Questionnaire, 
and Wong-Baker FACES 
pain scores decreased by 
55%(p=0.0143), 60% 












Lenovo Vibe K6 




ME, 3 VR task – 
hitting a ball, 











MPQ in the VR group was 
lower than in the 
kinesiotherapy group 
(p<0.01). There was a 
significant improvement in 
QoL, pain catastrophizing & 
coping strategies. 




1 upper limb 
amputee & 1 
PBA patient 
Kinect, Vision 
Kit (3D glasses) 
MT, 1 AR task – 
posing gestures and 
playing a game. 
VAS, MPQ, and 
DN4. 
Overall, together with other 
types of patients, MPQ 
showed 34% decrease 
(p<0.01) in pain & DN4 had 
an18% improvement. 
Ambron et al. 
(2018) 






ME, 4 VR games: 
maze, chess, 
checkers, browser. 
NRS pain ratings 
and system 
usability scale. 
Pain intensity rating results 
decreased by 100% and 
93.7% for subjects 1 and 2. 












MT, 3 VR tasks – 









movement &  
pain intensity was 













NRS of PLP, pain 
disability index, 
sleep & mood 
NRS, EuroQoL, 
Traditional MT reduced the 
duration of PLP significantly 
compared to VR or the 























AR approach had additional 
effects compared to MT in 
the follow up period. 














7/8 had significant PLP 
decreases in VAS & in MPQ 
compared to baseline score 
before the study. 








HTC VIVE, and 
MYO EMG 
sensor 
ME, 3 VR game 






VR versions Box 
and Block test. 
Box and Block type (conv. or 
VR) was significantly 
different within each of the 
three groups, but there were 
no significant differences 
between the expert users 
and the prosthesis user 
using his prosthesis in VR. 
Kulkarni et al. 
(2020) 
Pilot Study 11 upper 
limb 
amputees 





There is insufficient evidence 
from these results to identify 




Further, I conducted a comprehensive analysis of the outcomes of the VR/AR 
applications. Below, I discuss the analgesic effect, motor therapy and motor execution 
comparison, and sense of embodiment. 
4.1.3.1. Analgesic Effect  
Seventeen studies collected and reported pain measurements with quantitative 
or qualitative methods, all of which found an analgesic effect (Tables 4.2). All the studies 
used more than one measurement instrument or evaluation. These included the SF-
MPQ/MPQ (Ronald Melzack, 1975), VAS, NRS, the Douleur Neuropathique en 4 
Questions (DN4) (Spallone et al., 2012), the Wong-Baker FACES Pain Rating Scale 
(Garra et al., 2010), the Pain Catastrophizing Scale (Cano, 2004), the Pain Disability 
Index (Tait et al., 1990), and a pain self-efficacy questionnaire (Nicholas, 2007). MPQ, 
VAS, and NRS were the three most commonly adopted instruments. However, very few 
studies also collected qualitative information about pain and experience from semi-
structured interviews. In addition to their use of pain scales, some studies evaluated 
changes in patients’ emotional and social states through the Amputee Body Image 
Scale, the Depression and Anxiety Scale, the Cognitive Emotion Regulation Scale, sleep 
and mood NRS, QoL, and overall health via the VAS. Twelve of these showed a 
significant PLP reduction after participation when compared to the control group. 
Although most of the 17 studies were case (series) studies or preliminary studies with 
low evidence levels (4 or 5), the outcomes from the VR/AR intervention appear quite 
promising. The average reductions in PLP (from 10 studies that had accessible MPQ, 
VAS, or NRS data) ranged from 50.2% to 64%; the lowest was 3.3%, and the highest 
was 100%. Although the VR/AR interventions showed promising analgesic effects, the 
measurements were still too simple and too short lived to represent the scope of the 
kinds and degrees of pain and the states that PLP patients experience. For instance, of 
all the studies reviewed here, only three followed up on the effect of their VR/AR 
intervention for up to six months and showed persistent analgesic effects.  
4.1.3.2. Mirror Therapy and Motor Execution  
Eleven studies adopted the mirror therapy approach; the rest implemented a 
motor execution approach to control the movement of the virtual phantom limbs. Studies 




50.2%, 52.1%, and 86% (mean = 54.16%, SD = 19.18%), whereas studies that 
implemented the motor execution approach reported average pain reductions of 51%, 
55%, 60%, 64%, and 96.8% (mean = 65.36%, SD = 18.25%). Although the two 
approaches have different underlying pain reduction mechanisms (Ortiz-Catalan et al., 
2016), the evidence does not distinguish one’s efficacy over the other.  
4.1.3.3. Sense of Embodiment  
Two of the studies evaluated the sense of embodiment (SoO and SoA) for a 
single session, but none measured SoO and SoA over time or followed up after the 
study. As Braun et al.’s (2018) stated, “SoO describes the feeling of mineness toward 
one’s own body parts, feelings or thoughts” (p. 1), whereas “SoA refers to the 
experience of initiating and controlling an action” (p. 1). Cole et al. (2009) reported 
qualitative findings from patients’ verbal reports regarding the SoA over the virtual body. 
For instance, one patient said he felt a touch sensation when he picked up an object in 
VR using his virtual phantom hand, while another reported a buzzing feeling in his virtual 
phantom fingers as he grasped an object. In Henriksen et al.’s (2017) study, participants 
also noted a sense of controllability over their virtual phantom limbs on a self-reported 
Likert scale. Two of three felt that their virtual amputated limbs could be controlled to 
complete the study tasks. Overall, however, SoO and SoA were not quantitatively 
measured, and how SoO and SoA perception relates to a reduction in PLP is still 
understudied. 
4.1.3.4. System Usability and Feasibility  
Four computer science studies focused on the usability and UX of the VR/AR 
system from an ergonomics perspective. Such issues include the ease of use with 
respect to control, functionality of the games, interactions with the environment, range of 
motion, intelligibility of the graphic user interface, and preferences regarding the 3D 
virtual environment. Healthy subjects were typically used to try out the VR/AR systems, 
which were conducted before officially testing them on PLP patients. In their study 
conducted with healthy subjects, Henriksen et al. (2016) found that their VR system was 
easy to control and participants liked their rehab games. They also suggested that their 




Henriksen et al. (2017) study indicated that the same VR system seemed to provide an 
increased sense of controllability of the phantom hands.  
4.1.4. Discussion 
This review aimed to assess the analgesic effects of VR/AR, the movement 
approach of the phantom limbs in VR/AR, and the potential correlations between 
embodiment and PLP management. Converging data indicate that VR/AR can have a 
modest effect on reducing PLP patients’ pain, although the intervention duration and 
frequency varied greatly. Overall, fewer than 10 patients’ pain condition in these studies 
remained unchanged (Cole et al., 2009; Henriksen et al., 2017; Osumi et al., 2015; Perry 
et al., 2013; Perry et al., 2018; Wake et al., 2015), and one reported nausea in VR (e.g., 
simulator sickness; (Murray et al., 2007). I found that recent studies were not limited to 
case studies or case series, as their authors recruited more patients and examined the 
effects over a longer period.  
However, although this review covered twice as many studies as the most recent 
one (Dunn et al., 2017), most of the study designs were heterogeneous and produced 
low-level evidence about VR/AR’s analgesic effects; RCTs were also scarce. As shown 
in Table 4.2., patient types, study details (study lengths, measurements, session lengths, 
and frequencies), and the specific VR/AR tasks varied considerably across studies. 
Further, few studies measured changes in experience (immersion or presence) or sense 
of embodiment, which is thought to potentially underlie one’s PLP reduction. Similarly, 
not enough data revealed how different study tasks and designs might affect pain 
changes.  
4.1.4.1. Motor Execution or Mirror Therapy?  
In some papers, the researchers argued that motor execution may overcome the 
limitations of mirror therapy. For example, Ortiz-Catalan et al. (2016) argued that mirror 
therapy could not provide a corresponding visual-motor feedback for PLP patients who 
can still move their stump or arm. In this case, the motor execution approach might have 
been a better choice, since both limbs—the residual and the intact—could have been 
used in the VR/AR session. It is worth noting that BPA patients and amputees without a 
stump might not generate enough measurable movement for motor execution. In this 




execution have not been directly compared. Current evidence suggests that they are on 
a similar level of effectiveness when it comes to PLP reduction. Therefore, future studies 
with more participants and a controlled study design are required to elucidate the relative 
strength of each approach.  
4.1.4.2. Measuring Sense of Embodiment and Phantom Limb Movement  
The significance of embodiment on VR’s analgesic effects has been investigated 
with healthy subjects and some CRPS patients (Matamala-Gomez et al., 2018). 
However, the relationships among SoO, SoA, phantom limb movement, and PLP 
sensations are not well understood, as quantitative evidence is still lacking. Although 
some studies proposed that phantom limb movement correlates with PLP relief, the 
supporting data is still scarce (Osumi et al., 2017 Ortiz-Catalan et al., 2014). A standard 
protocol and research paradigms are needed to better evaluate complex pain outcomes, 
SoO and SoA, phantom limb movement, and the correlations among these factors.  
4.1.4.3. The Dosage of VR/AR Applications  
To my knowledge, none of the published research explored the best dosage (the 
most effective session frequencies and session length) for pain reduction in VR/AR in 
general, let alone PLP specifically. Results from a single test lack substantial evidence to 
prove VR/AR’s analgesic effects longitudinally. Based on this review, multiple 20–30-
minute sessions appear to be a suitable dosage for PLP patients. Follow ups or 
participant check-ins could help researchers better understand the potential long-term 
effects of VR/AR environments.  
I tried to minimize the possibility of my missing publications in the literature 
review by conducting an extensive search. However, a risk of publication bias toward a 
selection of positive results remained. Additionally, there is a small possibility of there 
being published studies that I did not identify. As discussed, there was heterogeneity 
between interventions, methodologies, and analyses. I also identified the potential flaws 
and limitations of prior studies. However, a sensitivity analysis of methodological 
limitations revealed the robustness of the results. These limitations should be considered 




In pain research, patients’ self-reports are valued (McCahon et al., 2005) 
because no biomarkers of pain have been discovered, and correlations between 
measurable data and the self-reported data and the actual physical arousal were 
tenuous. Four of the studies collected EMG data as motion inputs. None measured 
physical changes or outcomes apart from the patients’ self-reported ratings. The 
potential reason could be that collecting biofeedback would have added to the 
complexity of the experiments, as a person cannot wear a VR/AR helmet while doing 
fMRI scans or collecting EEG signals. Nonetheless, with that in mind, cortisol levels, 
fMRI scans, EEGs, and other neurological measures might offer new insights into the 
underlying mechanisms of VR/AR analgesia in future studies.  
To conclude, this literature review analyzed VR/AR studies developed and 
evaluated for treating PLP, with an emphasis on the efficacy of pain reduction and SoO 
and SoA, comparison of mirror therapy and motor execution approaches, and study 
design. Although the studies did not offer enough evidence to support the long-term 
effectiveness of VR/AR analgesic effects, empirical evidence so far suggests that VR/AR 
holds promises for reducing PLP. In summary, although the studies reviewed here had 
promising results, they were limited in terms of sample sizes, intervention frequencies, 
and controlled comparisons. Therefore, in future studies, I encourage researchers to 
carefully select protocols and VR/AR environments. Further, I suggest researchers 
collect not only overall pain levels but also pain characteristics and measures of sense of 
embodiment and phantom limb movement. 
4.2. New Attempt: Focusing on Virtual Embodiment of the 
Phantom Limbs  
4.2.1. Research Background 
Researchers postulated that behavioral interventions for PLP might owe their 
analgesic effects to restoring the sensorimotor circuitry (Giraux & Sirigu, 2003). These 
interventions usually provide augmented sensorimotor experience of the affected limb, 
including tactile stimulation (Flor et al., 2001) and surrogate visual representation 
(Thieme et al., 2016). For example, in mirror therapies, the movements of the intact limb 
are reflected in a mirror, giving patients a vivid experience of their affected limb as if it is 




limited (Chan et al., 2007; Finn et al., 2017), some researchers believe that this limitation 
is because the limb movements are restricted to the mirror surface (Sumitani et al., 
2008). Combining virtual reality (VR) with MT has provided a better sense of 
embodiment of the phantom limb, including a sense of ownership (SoO) and a sense of 
agency (SoA) (Martini et al., 2014; Osumi et al., 2018) over their virtual body. In this 
article, the VR environment refers to immersive environments (Marks et al., 2014), 
where users are completely isolated from their physical surroundings and experience the 
three-dimensional virtual worlds through a stereographic head-mounted display (HMD). 
The resulting analgesic effects are comparatively stronger than those from traditional MT 
(Collins et al., 2018). However, most researchers focused only on the short-term 
analgesic effect from one VR session (Osumi et al., 2017; Osumi et al., 2018). In fact, 
longitudinal studies on PLP used representations of a virtual limb displayed on a 
computer monitor instead of in immersive VR per se (Ortiz-Catalan et al., 2016; Perry et 
al., 2013; Rothgangel et al., 2018). Thus, longitudinal studies involving VR are still 
lacking. 
Here, I examined the long-term effects of VR-based MT interventions on 
alleviating PLP and the accompanying changes in the motor imagery capacity involving 
the phantom limb. I hypothesized that the VR-MT interventions could simultaneously 




I recruited five BPA and amputee outpatients, all of whom were diagnosed with 
PLP (all male, age mean = 50.2, age SD = 7.73 years) from China-Japan Friendship 
Hospital in Beijing. All suffered from medium to severe levels of daily pain, and three of 
five have been taking pain and/or anti-anxiety medicine. Detailed medical and 
demographic information is listed in Table 4.3. For the inclusion criteria, I adopted similar 
standards as in a previous study (Ortiz-Catalan et al., 2016): participants (1) need to be 
adults; (2) have been treated for PLP by at least one clinical approach; and (3) have not 
reported any pain changes for at least a year after the last session of prior treatments. 




and travel matters. They all signed the consent form and were informed that they could 
withdraw from the study without consequences. Each participant received monetary 
compensation. The Ethical Review Board of Peking University approved this study 
protocol (School of Psychological and Cognitive Sciences, #2018-06-02). Written 
informed consent was obtained from the participants for the publication of any potentially 
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Table 4.3 Patients’ Demographics and medical information (PRDRG = Pulsed Radiofrequency on Dorsal 




4.2.2.2. Setting and Apparatus 
The immersive room-scale VR system and HMD were from HTC VIVE with 1,080 
× 1,200 pixels’ resolution per eye and a field of view of 110 degrees. Unity software was 
used to develop the VR environment. Final IK Unity assets provide inverse kinematics’ 
solutions for the avatar’s body rigging and movement mapping (Final IK - Asset Store, 
2019). Participants saw the environment from a first-person perspective of a gender-
matched avatar and remained seated during the entire study. The VR controller, held by 
the intact hand, can register hand motion and button click. 
4.2.2.3. Instruments 
I assessed the changes in pain ratings both before and after the VR intervention. 
Two pain ratings were used (1) Short-Form McGill Pain Questionnaire (SF-MPQ), which 
is the pain rating index (ratings from 0 to 75) formed by the summed contribution of 15 
characteristics of pain (Melzack, 1975); and (2) the visual analog scale (VAS) ratings 
from 0 to 10. Sense of embodiment (SoO and SoA) was rated once before the whole 
study and once after. Sense of ownership and SoA ratings were reported in an 11-point 
numerical rating scale (NRS) from 0 to 10, where 0 means “don’t agree at all,” and 10 
means “strongly agree.” The SoO and SoA questions (same as Table 3.1) were modified 
from related research (M. Martini et al., 2014). Further, the patients’ depression and 
anxiety levels were measured using the Hospital Anxiety and Depression Scale (HADS) 
questionnaire (Snaith, 2003) once before the entire study and once after. 
4.2.2.4. Procedures 
Each session lasted approximately 1 hour with the following steps (Figure 4.2). 
 
Figure 4.2 Study procedure for each single session. 
(1) The patient filled out the questionnaires for self-reported anxiety and 




(2) I conducted semi-structured interviews to collect the patients’ subjective 
feedback before each session. The questions regarded (a) pain qualities and 
frequencies, (b) sleep quality, (c) medicine intake, (d) emotional changes, and (e) any 
other thoughts. 
(3) The patient filled out the two pretest pain questionnaires before each session. 
(4) The patient wore a VR HMD and held a controller in their intact hand, 
performing two motor tasks (a ball-pushing task and a ball-shoot task) for 30min (Figure 
4.3). The ball-pushing task required the participant to push a ball off the table with 
extension of both virtual limbs whose motion was driven by the measured motion of the 
intact limb only. The ball-shoot task is to extend both limbs to shoot a basketball toward 
a basket. The order of these practices (ball-pushing vs. ball-shooting) run randomized 
and patients performed each for three times per session. Again, the motion of two limbs 
was driven by the intact limb only; the ball release was initiated by clicking the trigger 
button on the controller.  
(5) The PLP patients carried out the motor imagery and motor execution tasks 
twice across the study period, once before all sessions and once after. I detailed the task 
instructions before a practice session when patients performed the two VR motor tasks 
by motor execution and by motor imagery, three times each. For the motor imagery test, 
patients were asked to visually imagine performing the two VR tasks with either limb (not 
both limbs); each test and each limb was repeated three times. They were instructed not 
to perform motor imagery unless they were told to. For the motor execution test, patients 
then executed each task with the intact hand for three times. For each trial, the patient 
clicked the trigger button of the controller once before the trial, and once after the trial to 
register the time needed for imagery and execution. “Imagery time” refers to the time 
patients spent for motor imagery test; similarly, “execution time” refers to the time spent 
for motor execution time. 
(6) The patient filled out the posttest VAS ratings after each session. 
(7) The patient filled out the questionnaires for self-reported anxiety and 





Figure 4.3 A. Patients performing the ball-pushing task with an HTC VIVE’s controller held in the intact 
hands (left: P04; right: P03). B. The VR environment as depicted during the two tasks (the ball-pushing task 
and the ball-shooting task from third-person and first-person perspectives). Participants only saw the VR 
environment from the first-person perspective. 
4.2.3. Results 




The pain ratings showed that all five patients had pain reduction, both before and 
after a session and across sessions (Table 4.4 and Figure 4.4). Patients P01 and P04 
withdrew from the study after the third session, P5 after the fourth session; P2 and P3 
completed all 10 sessions as planned. Because of the limited sample size, I opted to 
perform a non-parametric test to compare the pain ratings between the first session and 
the third session to examine whether the pain reduction was significant. The average of 
five patients’ MPQ ratings was 16.4 (SD = 5.14) in the first session and 10.4 (SD = 5.03) 
in the third session, respectively. A Wilcoxon signed-rank test showed a significant 
improvement of pain rating in the third session compared to the first session with a large 
effect size despite the small sample size (Z = −2.02, p = 0.043, r = 0.9). Notably, all 
patients showed continuous pain reduction over consecutive sessions. 
 
Table 4.4 Patients’ pain reduction percentages between the first and last sessions of their participation of 
each individual and the group mean and standard deviation (SD) values. 
Overall, patients reported an average improvement of 56.96% (SD = 17.49%) on 
the SF-MPQ ratings when comparing the last session. They took part in their first 
session. Specifically, 56% improvement (SD = 18.08%) was on the pain sensation 
categories (throbbing, shooting, stabbing, sharp, cramping, gnawing, hot-burning, 
aching, heavy, tender, and splitting) and 58.33% (SD = 30.5%) on the emotional 
categories (tiring exhausting, sickening, fearful, and cruel-punishing). Notably, all 
patients showed more than 50% improvement (ranging from about 50%, e.g., P01, to 
90.91%, P02), although their initial pain ratings differed substantially (Figure 4.4B). 
Scrutinizing 15 pain qualities (Figure 4.5), I found that all patients initially experienced 
and subsequently improved on emotional categories in their SF-MPQ ratings. For the 
sensory intensity category, four of the five patients shared throbbing, sharp, and heavy 




Further, I also categorized the pain qualities into “kinesthesia-related pain 
characteristics” (splitting, exhausting, burning, aching, throbbing, stabbing, sharp, 
shooting) and “somatosensory-related pain characteristics” (gnawing, fearful, cramping), 
as a previous study found that VR mirror-movement therapy specifically improved the 
kinesthesia-related pain characteristics (20). However, I found that these two categories 
improved to a similar extent, with an average 50.47% (SD = 31.57%) and 56.67% (SD = 
36.51%) improvement, respectively (Figures 4.4 D, E). 
 
Figure 4.4 A. The average SF-MPQ ratings across all sessions. B. The average VAS ratings across 
sessions. C and D. Each participant’s ratings of somatosensory-related pain characteristics and kinesthesia-
related characteristics (where P02 and P05 do not have bars meaning zero value). Here, error bars denote 
standard errors. All vertical-axis refers to the rating points of the scales used. 
The VAS ratings showed a similar but less drastic analgesic effect than the SF-
MPQ ratings (Figure 4.4B and Table 4.4) The averages of the five patients’ VAS ratings 
in the first three pretests were 7.6 (SD = 1.47), 7.19 (SD = 1.4), and 6.88 (SD = 1.56), 
whereas the posttests mean ratings were reduced to 5.71 (SD = 2.26), 5.07 (SD = 2.12), 
and 5.59 (SD = 1.91), respectively. The Wilcoxon signed-rank test showed that all three 
posttests had significantly reduced VAS ratings when compared to their corresponding 
pretests with a large effect size (for all three tests, Z = −2.02, p = 0.043, r = 0.9). 




ratings between the first session and the third session (Z = −1.75, p = 0.08); however, 
the posttest ratings did not show a significant across-session difference (Z = −0.41, p = 
0.68), possibly because the analgesic effect in each session masked the across-session 
differences. The average improvement of the VAS rating was 19.04% (SD = 13.47%). I 
found that each session induced an average improvement of 21.23% (SD=15.95%) 
when comparing the pre-test VAS ratings with the posttest ones. All five participants 
showed this one-session improvement. Given the small sample size in this study, I 
would like to state the statistics should be viewed with caution. 
4.3.2.2. Phantom Limb Movement: Motor Imagery and Motor Execution Movement Time 
The performance of motor imagery and execution was quantified by their 
movement time (Figures 4.5 A, B; individual data in Tables 4.5, 4.6). First, execution 
time and imagery time were similar for the intact limb, suggesting that participants 
followed my instruction. Both measures tended to decrease when measured again after 
the VR intervention, possibly due to a practice effect. As expected, I also observed that 
the impaired limb had substantially larger imagery time than the intact limb, with average 
of 12.83 ± 6.45 s and 17.23 ± 8.98 s for the ball-pushing and ball-shooting tasks, 
respectively. In contrast, the intact limb had average imagery time of 6.05 ± 3.30 s and 
5.35 ± 1.79 s for these two tasks, respectively.  
Critically, the imagery time of the impaired limb was reduced dramatically after 
VR intervention, averaging 5.19 ± 3.84 s and 5.80 ± 4.48 s for the two tasks, 
respectively. These reductions, averages of 60.59 and 66.53%, brought the imagery 
time to the level comparable to that of the intact limb, suggesting that the phantom limb 


















Figure 4.6 A, B. Mean and SD of motor imagery time and motor execution time for the ball-reaching task by 
both the intact limbs and the impaired limbs (y axis: in seconds). C. Each participant’s sense of ownership 
and sense of agency ratings of their virtual body. D. The mean SoO and SoA ratings of the first and the last 
sessions. E, F. Patients’ anxiety and depression ratings before and after the study (P01’s after study 
depression and anxiety data were missing; P04’s after-study rating means zero value).  
 Mean and SD of the Reaching Action Reaction Time (s) 
The First Session 
The Last Session 


























P02 3.929 1.21 1.51 2.457 (37.47) 2.041(-68.68) 1.55 (-2.65) 
P03 17.376 7.273 1.92 3.402 (80.42) 2.619 (63.99) 1.99 (-3.65) 
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6.877 3.914 3.525 
3.975 (25.12) 2.039 (64.49) 
1.086 
(32.63) 
Table 4.5 Patients’ mean and SD values of their impaired and intact hands’ motor imagery reaction time and 
the intact hand’s motor execution reaction time in millisecond at the first and last sessions of their 
participation of each individual and the group mean (reaching action). 
 Mean and SD of the Shooting Action Reaction Time (s) 
The First Session 
The Last Session  

























P02 4.988 4.081 0.9 2.573 (48.42) 1.842 (54.86) 0.94 (-4.44) 
P03 29.781 7.136 1.88 3.383 (88.64) 2.444 (65.75) 1.67 (11.17) 
P04 18.28 7.387 6.047 12.357 (32.4) 7.287 (1.35) 6.242 (3.22) 
P05 23.574 3.573 3.55 
4.901 (79.21) 4.454 (24.66) 4.565 
(28.59) 
Mean 19.156 5.544 3.094 5.804 (62.17) 4.007 (24.33) 3.354 (6.27) 
SD 10.55 1.996 2.252 4.474 (26.24) 2.455 (43.11) 2.481(16.48) 
Table 4.6 Patients’ mean and SD values of their impaired and intact hands’ motor imagery reaction time (in 
seconds) and the intact hand’s motor execution reaction time in millisecond at the first and last sessions of 
their participation of each individual and the group mean (shooting action). 
4.3.2.3. Sense of Embodiment Ratings 
The rating of SoO and SoA for the avatar in the VR increased in this experiment 




and after all sessions, right after the participants took off the HMD. The questions for 
each category were added up and averaged to one score per category. The SoO and 
SoA ratings increased, from the first to the last session, by 66.67 and 21.74%, 
respectively. Average SoA increased from 6.9 (first session, SD = 1.32) to 8.4 (last 
session, SD = 0.89); Correspondingly, average SoO increased from 2.4 (SD = 1.66) to 
4.0 (SD = 1.48). However, P04’s rating of SoO and P02’s rating of SoA did not increase. 
4.3.2.4. Anxiety and Depression Ratings 
The patients’ anxiety and depression levels were measured using HADS, once 
before the first session, and once after the last session (Figures 4.5 E, F). I missed 
collecting the posttest ratings from P01 and P04 because they withdrew. All the 
remaining three patients experienced an improvement in anxiety and/or depression with 
varying degrees. P02 and P05 experienced an improvement in both the anxiety and the 
depression levels, whereas P03 showed improvement only on depression levels. Follow-
up phone calls with participants after 6-month showed that they still experienced a 
slightly improved situation, but not as powerful as during or right after the study. 
4.3.2.5. Qualitative Interview Analysis 
All patients reported one or more positive changes after the intervention. Here, I 
report the qualitative results briefly. P01 said the VR intervention had provided him with 
an analgesic effect ranging from 2 hours or longer until he went to bed at night. 
However, his anxiety from over 10 years of suffering hardly changed. P02 did not report 
a substantial change in pain before and after each intervention, but he did report a 
substantial decrease in pain ratings across the entire study. Furthermore, he reported 
multiple pain sensations in SF-MPQ initially, and only one at the study’s conclusion. P03, 
before the study, reported over 30 times of “unbearable bursts of pain every day,” which 
he rated as 9 or 10 in VAS and lasted for 1 to 5 minutes. After the study, P03 reported 
that the intensity of his pain bursts was “much more endurable now” and that they lasted 
half the time. Notably, P03’s quality of sleep steadily improved. Before participation, he 
woke up 8–10 times because of the pain bursts; at the conclusion of the study, he only 
woke up two to three times per night. P05’s reported similar improvement in sleep: 
before the study, he reported, “I have problems falling asleep and I need to take pills. 




patients mentioned that they dreamt that their impaired limb moved again, the same way 
it had before their injury. According to P05, “I had a dream yesterday, and I saw my right 
hand and arm moving! It felt so good and so vivid that I can still remember.” Thus, these 
semi-structured interviews showed that all five patients’ subjective experiences are 
consistent with the quantitative measures, including pain ratings and motor imagery 
time. 
4.2.4. Discussions 
This study with five PLP patients reveals that a long-term VR-MT intervention 
produced substantial analgesia, indexed by SF-MQP and VAS pain ratings, along with 
improved phantom limb movement, quantified by reduced motor imagery time. Short-
Form MQP and VAS ratings showed different percentages of improvement, given that 
they measure different aspects of pain perception with different levels of responsiveness 
(Hawker et al., 2011; Scrimshaw & Maher, 2001). I also found an enhanced sense of 
embodiment with the VR avatar and improved ratings in anxiety and depression. I 
observed all of these changes in each patient, although with varying effect sizes. 
These findings suggest that VR-MT interventions hold promise as effective 
analgesia for patients who suffer PLP, particularly considering that four out of five 
participants suffered severe PLP for more than 10 years, and were first treated with at 
least one of the traditional pain management methods. Therefore, it is unlikely that 
carryover effects from previous therapies can explain my findings. For the same reason, 
pain relief owing to natural regression to the mean effects is unlikely to explain the 
observed large effect. Furthermore, patients who were taking medication had already 
been on it for over 2 years without an increase in dosage during the study; this makes 
medications an unlikely explanation for the results. 
In this study, five patients underwent the VR intervention for 4–6 weeks, ranging 
from 3 to 10 sessions (Table 4.4). Previous VR studies mostly had a limited number of 
participants in longitudinal tests. For instance, Murray et al. (Murray et al., 2007) 
conducted a case study with three patients over two to five sessions; Henriksen et al. 
(Henriksen et al., 2017) investigated the feasibility of their VR environment with three 
upper limb amputees over seven sessions, and Chau and colleagues’ case study 




Other VR studies involved a single session with one or more patients (Ambron et al., 
2018; Cole et al., 2009; Ortiz-Catalan et al., 2014; Osumi et al., 2018; Wake et al., 
2015). One reason that prevents large sample sizes is that patients with PLP usually 
need the help of caregivers to travel, and most patients lived far from the research 
laboratory (not in the same province). I also found that patients I recruited were too 
physically inactive, mentally impaired, or socially disengaged to participate in the study. 
While the potential of using VR for relieving PLP has been demonstrated, why 
and how it works remain unclear. Some researchers believe that having a sense of 
ownership over a virtual body in VR might alleviate pain for healthy subjects and pain 
patients (Martini et al., 2014; Matamala-Gomez et al., 2019a). Others proposed that VR 
distracts acute pain patients’ attention from their pain by the multisensory, immersive VR 
environment (Bidarra et al., 2013; Gold et al., 2005; Wiederhold et al., 2014). Both 
explanations received respective support. In fact, a combination of modified embodiment 
and distraction—by pairing a VR intervention with mindfulness meditation in order to 
direct attention inward to awareness of and agency over a patient’s body—was shown 
as an effective intervention for chronic pain management (Gromala et al., 2015a). The 
longitudinal data cannot be accounted for by distraction as the accumulated effect is 
obvious. I indeed observed more SoO and SoA, but their effect is relatively small. 
With the growing evidence that the level of the phantom limb’s movement may be 
correlated with a cortical or subcortical reorganization, others have also suggested that 
improved phantom limb movement may be associated with pain reduction (Giummarra & 
Moseley, 2011). However, in only one study was the phantom limb’s movement actually 
measured quantitatively (Osumi et al., 2018). The data here also showed an 
improvement in movements of a phantom limb, quantified as a reduction in motor 
imagery time that was specific to the impaired limb. Given that the motor imagery was 
measured only twice, I believe that the practice effect alone could not explain the large 
and limb-specific effect. The observed 60.59 and 66.53% reduction in imagery time in 
the two motor tasks was remarkable because it dropped to levels comparable to that of 
the intact limb. The improvement suggests better control of the impaired limbs’ 
movement. Osumi and colleagues used a bimanual coupling effect between the affected 
limb and the intact limb as an indirect measure of changes in phantom limb control. They 
found that bimanual coupling increased with VR interventions and, importantly, were 




in the affected limb are in line with Osumi et al. (Osumi et al., 2018) findings, suggesting 
that improved voluntary movement of the phantom limb might reflect the neuroplasticity 
changes in PLP patients that are associated with VR’s analgesic effects. I did not run a 
correlation analysis between the improvement in motor imagery and the analgesic effect 
due to the small sample size. 
The first limitation of this study is the small sample size which prevents us from 
establishing the correlation between pain reduction and accompanied changes in the 
phantom limb movement and embodiment. In future studies, I plan to conduct a 
longitudinal controlled trial with more samples and methodological improvements. For 
example, a motor imagery test can be performed measuring electromyography in 
residual muscles. Sense of agency and SoO can be potentially quantified by more 
objective approaches, such as intentional binding. I could also compare VR interventions 
without or without a virtual body. The VR experience can be complemented with haptic 
feedback to enhance embodiment (Sano et al., 2016). Importantly, the improvement in 
the phantom limb movement, as revealed by motor imagery time, can be further 
investigated by electroencephalogram or functional magnetic resonance imaging scans 
to probe possible neural reorganization brought about by VR interventions. 
4.3. Chapter Summary 
This chapter detailed a systematic literature review of studies on VR and AR 
applications used to address PLP and a longitudinal case series that evaluated how 
mirroring movement in VR affects PLP, embodiment, anxiety, depression, and phantom 
limb movement. The results of the review suggest that most studies on VR/AR 
interventions were conducted with a limited number of patients in a single trial. Few 
explored questions about how embodiment affects PLP, how multiple VR sessions might 
affect pain over time, or whether a patient’s ability to move their phantom limb may affect 
their PLP. Therefore, I recruited PLP patients to answer these questions and to 
understand how embodiment correlates with different chronic pain types that differ from 
CRPS (as discussed in Chapter 3). Five PLP patients were recruited to practice two 
motor tasks in multiple VR sessions over six weeks. The results showed that repetitive 
exposure to an embodied VR intervention leads to reduced pain and improvements in 




that people’s ability to move their phantom limbs improves, which was quantified after 
giving participants shortened motor imagery time with the impaired limb. 
Although the limited sample size prevented me from performing a correlational 
analysis, my findings suggest that providing PLP patients with a sensorimotor 
experience for their impaired limb in VR appears to offer long-term benefits and that 
these benefits may be related to changes in users’ control of their phantom limb’s 
movement. In other words, the SoO and SoA over the virtual phantom limb seem to 
enhance the control over the real phantom limb and reduce the patients’ pain. Moreover, 
this experiment also offers a potential novel approach to measuring a phantom limb’s 
movement by clocking the performance time of motor imagery tasks. However, further 
research with a larger sample size is required to draw a firm conclusion about the 




Chapter 5. Virtual Embodiment and Empathy  
Research findings suggest that in addition to the opportunities it offers pain 
modulation, VR also promises to situate people in the perspectives of other social 
groups other than their own, for example, different gender, age, and race, and foster 
empathy towards one another. A stream of research has specifically highlighted VR's 
potential to elicit perspective taking, which is when a person perceives a situation and 
understands a concept from someone else’s point of view. I would like to use virtual 
embodiment to help non-patients understand patients’ social challenges. In this chapter, 
I first discuss the social stigmas that marginalized and vulnerable populations face, 
particularly that of chronic pain patients. I then discuss the definitions of empathy and 
the importance of generating it to address social stigma, and I review embodied 
technologies designed to foster it toward marginalized and vulnerable populations. Then 
I examine how VR has become the “ultimate empathy machine” (Milk, 2015, 2:27) and 
the commonly adopted study methods and VR interventions. I further explore the roles of 
virtual embodiment in fostering empathy and the potential of using the virtual 
embodiment approach to do so in a specific context: toward pain patients. The central 
questions of this chapter are: how does VR offer an empathetic experience and increase 
people’s empathy? What is the role of virtual embodiment in creating VR environments 
that foster empathy? How can VR be used to enhance non-patients’ understanding of 
pain patients? 
5.1. Social Stigma and Empathy 
5.1.1. Acknowledging Stigma & Its Presence in Patient Care 
In its original meaning, “social stigma” referred to a marking or tattoo that was cut 
or burned into the skin of criminals, slaves, or traitors to visibly identify them in public 
places (Goffman, 1986). Today, the term refers to an attribute that extensively discredits 
a person, reducing them from whole and typical to tainted and discounted (Dubin et al., 





(a) Overt or external deformities, such as scars, physical manifestations of 
anorexia nervosa, leprosy, or of a physical or social disability, such as 
obesity. 
(b) Deviations from norms and mores, including dropping out of school, working 
a low-wage job, being a single parent, going bankrupt, struggling with 
addiction, being a homosexual, being unemployed, attempting suicide, 
practicing radical political behavior, being dependent on welfare, committing 
adultery, having a mental disorder, getting pregnant as a teenager, having a 
criminal background. 
(c) Tribal stigmas related to ethnicity, nationality, or religion. 
Pain and chronic pain patients can experience a combination of two social 
stigmas: overt deformities because of their injured body parts and deviations from norms 
and mores caused by pain, such as the use of opioids, having a mental disorder, or 
dropping out of school or work. However, chronic pain conditions are generally invisible, 
unlike scars, deformities, or objective evidence seen on imaging. Chronic pain patients 
don’t display overt symptoms of injury, so people stigmatize chronic pain patients with 
the labels of complainers, malingerers, opioidphobia or drug-seekers (CMAJ News, 
2018; CBC News, 2019). Because of the stigma, patients with chronic pain usually 
experience emotional challenges—approximately half are depressed, and a third have 
had suicidal thoughts (Buchman & Ho, 2013; Choinière et al., 2010). Stigmatization 
might reduce patients’ self-esteem and social supports, leading to isolation. More 
severely, it can also lead to discrimination, which itself can result in the loss of status, 
rejection, exclusion, and the patient’s avoidance of social interaction; it can also lead 
others to be hostile with the patient and withhold help (Link & Phelan, 2001).  
Chronic pain patients’ social stigma does not only stem from the public’s 
misunderstanding or lack of knowledge about their BPS conditions but also from 
patients’ caregivers and health-care professionals, including doctors, physicians, and 
nurses (Dubin et al., 2017). Researchers have assumed that health-care providers 
acquire stigmatizing behaviors during their medical education. When they begin learning, 
their teachers expose them to an implicit or hidden curriculum that suggests that some 




the result of personal choices rather than other more crucial contributing and causative 
factors (Phillips & Clarke, 2012). Interventions are required to combat this kind of 
conditioning. Empathy is a key construct in social relationships, and research has linked 
it to prosocial behavior. Hence, encouraging greater empathy and the nonjudgmental 
acceptance of people who live with chronic pain and need help will alleviate pain 
patients’ stigma in clinical and other social settings. While some researchers believe that 
one’s empathy is a social skill that could be improved, others argue that rational 
compassion is more helpful for facilitating prosocial behaviors than empathy (Bloom, 
2016). Therefore, this chapter defines empathy, its composition, and the embodied 
experiences created for encouraging it.  
5.1.2. Understand Empathy  
Generally, empathy has been viewed as the process whereby one person tries to 
understand the subjectivity of another person accurately and without prejudice (Wispé, 
1986). Cuff et al. (2016, p. 20) defined it as a multifaceted social skill or fundamental 
dimension of human development that improves interpersonal relations and is critical to 
social processes (it helps build social connections with others and supports prosocial 
behavior).  
Although researchers in fields as varied as psychology, computer science, and 
health science hold varied definitions of empathy, they have taken two primary 
approaches to studying it: the cognitive empathy approach and the affective 
empathy approach. In the former, empathy is a process of understanding another 
person’s perspective (Decety & Jackson, 2016), and the term is used interchangeably 
with “perspective taking.” In contrast, affective empathy studies the observers’ emotional 
responses to other people’s affective states (Reniers et al., 2011). 
Researchers have adapted a varying approach to understand and define 
empathy. For instance, in Davis’ research, he proposed an organizational model of 
empathy-related construct, which considers both interpersonal and intrapersonal 
outcomes from cognitive and affective levels (Davis, 2006). Others have dissociated 
perspective taking from empathy, arguing that empathy stresses feelings and motives, 
while perspective taking is the ability to see things from another point of view. In this 




aspects of awareness of another’s states: perspective taking (cognitive), affective 
empathy (emotional), and physical empathy. 
Although physical empathy has been less frequently mentioned, psychologists 
also propose that other people’s physical sensations should be considered part of 
empathy and be known as “compathy” (Morse et al., 1998, p. 3). This type of empathy 
addresses physical responses triggered by emotions. For example, caregivers usually 
have physical responses to patients’ distress and may even share physical symptoms. 
Compathy often occurs when a person observes another person suffering from a 
disease or injury and experiences similar distress in their own body (Morse & Mitcham, 
1997). 
Much as there are many definitions of empathy, there are many models for 
understanding it as well. Davis’s (2006) model describes perspective taking (cognitive 
empathy) and affective empathy as the primary components, and the scientific 
community views it as the gold standard. It consists of four factors: 
(1) perspective taking, referring to a person’s ability to adopt another’s viewpoint;  
(2) fantasy, referring to a person’s ability to relate to the feelings of a fictitious 
character;  
(3) empathic concern, referring to a person’s feeling of being involved in others’ 
emotions; and  
(4) personal distress, referring to a person’s feeling of sorrow over others’ pain. 
Researchers believe that the perceptual and behavioral processes of empathy 
foster group living and are a foundation for beneficial social interactions (Preston & de 
Waal, 2002). Empathy can also lead to or improve prosocial behaviors (e.g., helping 
behaviors) and better social adjustment (Blanke et al., 2016). For instance, patients 
receive better treatment outcomes when treated by therapists with greater empathy 
(Moyers et al., 2016, p. 20). In another example, medical students who have a greater 
level of empathy demonstrate higher clinical competence (Ogle et al., 2013). On the 
other hand, a lack of empathy implies the inability to view the world from other people’s 
perspectives or be affected by others’ feelings, and the resulting risk is that someone 




Here, I would like to mention a few other terms—"compassion,” “altruism,” and 
“empathic distress”—to differentiate them from empathy. Compassion is an emotional 
and motivational state of care for the well-being of others (McCall et al., 2014). While 
empathy refers more generally to one’s ability to take the perspective of and feel the 
emotions of another person, compassion is when those feelings and thoughts include 
the desire to help. Altruism is characterized by behaving prosocially at a cost to oneself 
(de Waal, 2008). Empathic distress is when one is upset by the distress of another 
(Batson et al., 1987), which is one of the factors that consists of empathy. 
5.1.3. Promoting Empathy with Technology 
Research has shown that empathy and helping behavior can be promoted with 
prosocial digital media and computer-mediated communications, such as social media, 
video games, and VR applications. According to Rosen (2012), empathy developed in 
this manner is called “virtual empathy” (p. 1). This section explores the various 
technology-based tools for developing it.  
5.1.3.1. Social Media  
Since 2010, the popularity of social media networks, such as Facebook, Twitter, 
and YouTube, has rapidly accelerated. These networks are platforms on which people 
share their lives with friends and strangers alike. While the platforms are often criticized 
as breeding grounds for antisocial behavior, they also play a role in fostering empathy. 
Researchers have found that people not only tend to create a more positive impression 
of themselves on social media but are also more responsive to prosocial campaigns and 
activities (Caplan, 2003). Moreover, social media provides a platform for changing 
unidentifiable statistical victims into real people. Social media campaigns have proven to 
be effective ways of eliciting empathetic attitudes and generating individual and 
organizational support for causes. For instance, crowdfunding is used extensively by 
patients and their families to raise funds for expensive medical treatments (Kenworthy, 
2019). In another case, Kazley et al. (2016) examined approaches to soliciting kidney 
donations on social media on social media sites. Although using social media to 
generate empathy seems to be the most promising approach to reaching the general 
public, it is limited in its immersion and engagement levels when compared to video 





Studies have shown that video games are a useful vehicle for fostering 
understanding of and empathy toward vulnerable populations (Greitemeyer et al., 2010). 
Researchers have examined the effectiveness of video games in fostering empathy and 
social awareness of different issues, such as unemployment, cultural and political 
conflicts, and community challenges. For instance, Belman et al. (2010) presented three 
games to cultivate empathy: Peacemaker, Hush, and Layoff. In Peacemaker, the player 
inhabits the role of either the Israeli prime minister or Palestinian president during a 
particularly volatile period of the Palestinian-Israeli conflict. The player’s goal is to create 
conditions that make a two-state solution viable. The player has to negotiate peace by 
making political, economic, and security-based decisions while the game presents 
unexpected events generated by its AI. Similarly, in Layoff, players adopt the 
perspective of a corporate manager who terminated the jobs of non-player characters 
during a financial crisis. The game designers aimed to create an empathy bond between 
the players and the manager so the players can experience challenging decision-making 
moments.  
All three games described above encourage empathy through perspective taking 
(also called “role playing” in game research) and narrative storylines, which are the 
common approaches taken in other empathetic games. For example, Looy et al. 
(2010)described Poverty Is Not a Game (PING), a 3D adventure game in which the 
player adopts the identity of one of two adolescents and searches for ways to survive. 
The creators of PING hoped to raise awareness of the mechanisms that underlie poverty 
and social exclusion. Bachen et al. (2012) examined Real Lives, an educational game 
that allows learners to live simulated lives in other countries. In this game, students 
experience what life is like in another country, including the education system, 
employment, marriage, having children, and confronting diseases and natural disasters. 
This game uses real-world data to determine the probability of events that occur in the 
characters’ birth countries (Bachen et al., 2012).  
Overall, video games can provide more immersive perspectives on marginalized 
groups. However, most are pilot prototypes and lack scientific validations for their 
empathetic effects. Recently, researchers (e.g., Bachen et al., 2012; Bailey et al., 2016; 




and have used it as a medium for communicating empathy because it generates high 
levels of immersion and perspective taking. 
5.1.3.3. 360° Videos, Cinematic VR, and Embodied VR.  
Some studies didn’t identify significant differences in empathy levels increased in 
a non-immersive 360° video condition and the cinematic VR condition. For instance, 
Sundar et al. (2017) compared three storytelling media by having participants engage in 
VR and non-immersive 360° video conditions; they were more empathic toward the 
characters than when they read The New York Times stories on which the games were 
based. Further, in an autism study, Weinel et al. (2018) found that when it came to 
generating empathy, VR cardboards offered limited benefits when compared to 360° 
YouTube video formats. However, Schutte and Stilinović (2017) found that the VR 
format resulted in greater engagement and a higher level of empathy (empathic 
perspective taking and empathic concern) when the protagonist was a refugee than the 
control group in 2D video format. Therefore, further empirical evidence is needed to 
validate the distinctive potential of cinematic VR over other media in prompting empathic 
responses. 
Overall, cinematic VR can promote empathy, but may not significantly outperform 
the 2D video format. Apart from this cinematic approach, VR researchers take the 
embodiment approach to fostering empathy. Since using embodied VR for empathy is 
one of this dissertation’s primary research trajectories, I have reviewed VR-related work 
and research in a separate section below. 
5.1.4. Section Summary 
This section aimed to clearly define empathy and state the importance of 
generating empathetic understandings of vulnerable groups. I first discussed one of the 
most severe social problems patients experience—social stigma—and why empathy is 
important in resolving this challenge. I then explained and defined empathy’s physical, 
cognitive, and emotional characteristics to set a theoretical foundation for understanding 
empathy in this dissertation. To conclude, I briefly introduced the media and technology 
approaches researchers have taken to foster empathy, and I did this with a specific 




5.2. Facilitating Empathy in Embodied VR Environments 
5.2.1. Prior Work: VR and Empathy 
In addition to their findings related to pain modulation, virtual embodiment studies 
have demonstrated both cognitive and emotional effects on people’s empathetic 
attitudes (Ahn et al., 2013; Ahn et al., 2016; Hamilton-Giachritsis et al., 2018). Embodied 
VR applications foster understanding by having users inhabit virtual avatars with 
appearances that differ from their real-world bodies, and this constitutes perspective 
taking. To date, most of the empathy-related VR applications include an avatar 
representative of a population toward which empathy is desired, and they allow people 
to view or control the avatar from a first-person perspective. Empathetic perceptual and 
behavioral changes have been elicited when a person virtually embodies a marginalized 
person’s point of view and visceral experiences in their daily challenges and encounters.  
Most recent research has focused on VR’s potential to elicit perspective taking. 
This phenomenon can be physically manifested in VR by literally and virtually having 
people experience another perspective (Falconer et al., 2014; Hamilton-Giachritsis et al., 
2018; Herrera et al., 2018; Maister et al., 2015; Schutte & Stilinović, 2017; Shin, 2018; 
Slater & Sanchez-Vives, 2016; van Loon et al., 2018). For instance, Slater’s group and 
other researchers validated the finding that virtual embodiment can implicitly or explicitly 
affect people’s cognitive perceptions, emotions, and behaviors (Banakou et al., 2013; 
Maister et al., 2015; Osimo et al., 2015; Slater et al., 2008; Steptoe et al., 2013). Most of 
their research received improved outcomes of biases. However, in a recent study, 
Slater’s group identified a situation that embodying White people in a Black virtual avatar 
made their racial bias worse than the White avatar condition (Banakou et al., 2020). One 
thing to note is that the focus of Slater group’s research didn’t address empathy per se 
but measured implicit biases, which I consider to be the cognitive part of empathy. Their 
findings provide surprising and provocative evidence that people can map their avatars’ 
body image or identities onto their own body images on two levels: (1) multimodal 
physical sensation (visual, audio, tactile, or combinations thereof) and (2) sensorimotor 
correspondences between the physical body and the virtual body (motor). Therefore, the 
appearances (visual presentations) of the avatars and their motor synchrony with the 




Many VR applications seek to provoke empathy in specific targets, raise 
awareness of specific social problems, or change mindsets concerning social issues, 
such as domestic violence (Seinfeld et al., 2018). Applications have also sought to foster 
understandings of eating disorders by using avatars with distorted body shapes (Riva et 
al., 2016), and they have encouraged helping behavior with superhero avatars 
(Rosenberg et al., 2013). Further, multiple studies have reported evidence of a reduction 
of implicit race bias in immersants who inhabited an avatar with darker skin or different 
physiognomic features in multiple studies (Banakou et al., 2013, 2016; Nakamura, 
2020). Oh et al. (2016, p. 201) found that having people embody an elderly avatar was 
more effective in reducing ageism. In other studies, embodying adults in virtual children 
led to perception changes of object sizes and implicit self-identification, which does not 
occur when the body is adult sized (Banakou et al., 2013; Tajadura-Jiménez et al., 
2017). However, as mentioned earlier, Weinel et al. (2018) found that VR cardboards 
offer limited benefits over 360° YouTube video formats when it comes to eliciting 
empathy.  
So far, researchers have successfully altered people’s cognitive and affective 
perceptions by embodying them in avatars of different races, ages, sexes, and mental 
disorders, and they have even embodied people in animal avatars. However, the 
underlying mechanisms of how VR fosters empathy remain under investigated. Next, I 
summarize the potential impacting factors presented in the literature. 
5.2.2. Impacting Factors of Embodied VR 
Although empathy consists of physical, cognitive, and affective aspects, 
researchers believe that it is an ability that can be cultivated (Read, 2019) and directed 
at will (Persson & Savulescu, 2018), particularly its cognitive and affective aspects. Van 
Loon et al. (2019) used muscle training as a metaphor to explain the process of empathy 
exercises; the authors said that “empathy is like a muscle which one can work to 
increase its strength” (p. 2), though empathic perspective taking depends on individual 
capabilities (Ahn et al., 2013). Therefore, the next question is: what are the underlying 
mechanisms or factors that impact the empathy levels fostered by embodied VR? 
Drawing on the literature, Barbot and Kaufman (2020) identified five dimensions 




and SoA, all of which were concluded to be UX-related impacting factors or predictors. In 
particular, the authors noted that SoO and SoA (virtual embodiment) best predict 
empathy changes.  
Of the dimensions, sense of presence includes four primary types of illusions, as 
covered in Chapter 2, Subsection 2.2.2, and these four illusions are interrelated. 
However, Barbot and Kaufman’s findings are conceptually confusing, as they do not 
consider the illusions’ interrelationships. Rather, the authors defined “presence” as a 
sense of involvement and the realism of the experience, which, more precisely, is the 
sense of being in a stable place.  
Although researchers have measured presence as a whole, the roles of each 
illusion in facilitating empathy should be clarified. Further, the interrelationships between 
embodiment and a sense of presence should be discussed, as should embodiment’s 
significance relative to all presence illusions. In Barbot and Kaufman’s (2020) paper, the 
engagement factor was defined as “the sense of involvement, connection with, and 
enjoyment of the content”, which seems to overlap with the definitions of the four types 
of illusion and their associated experiences. Further, Barbot and Kaufman also argued 
that “engagement builds upon the sense of presence” (p. 2), and they believed that 
presence and engagement can become even stronger in VRs which elicit embodiment. 
Presence and engagement include a collection of other factors, which are not meta-
factors that can be directly analyzed or associated with changes to empathy. Rather, 
they overlap one another.  
As noted in Chapter 2, researchers have used the terms “immersion” and 
“presence” interchangeably to refer to the experience of being in a place. However, the 
terms point to different aspects of this experience. Again, “presence” is defined as the 
subjective experience of being in a place and responding to increased physiological and 
emotional responses in VR (Cummings & Bailenson, 2015). “Immersion” is defined as 
the objective fact of being in an environment. It refers to the technological quality of 
media delivery or the extent to which a system presents a vivid virtual environment while 
shutting out physical reality (Cummings & Bailenson, 2015). 
Based on Barbot and Kaufman’s framework, I propose modified versions of the 




components of presence: immersion, sense of being in a physical place, sense of 
embodiment (virtual embodiment), sense of physical interaction, and sense of social 
presence. Next, I discuss how researchers have associated each of these factors with 
embodied VR’s effectiveness in fostering empathy. 
5.2.2.1. Immersion  
VR Content can be delivered through various hardware platforms and systems: 
some are immersive formats such as HMD, cardboard VR, and CAVE; others are non-
immersive formats, such as 2D monitors. Several studies have compared immersive 
(HMD) versus non-immersive modalities (2D monitor) to elicit empathy. Some found that 
immersive modalities were more conducive to empathy than non-immersive modalities 
(Ahn et al., 2016; Schutte & Stilinović, 2017). For instance, Ahn et al. (2016) found that 
immersive VR allows participants to take the perspective of animals and experience a 
greater connection between themselves and nature than they would with a 2D video 
format. Schutte and Stilinović’s (2017) findings indicated that VR formats result in 
greater engagement than 2D formats when people watch documentaries (the study 
focused on participants watching a documentary about a young girl living in a refugee 
camp). Contrarily, as mentioned in Subsection 3.1.3, Weinel et al. (2018) did not note 
significantly higher levels of empathy when their participants used cardboard HMD 
instead of 2D videos. These findings did not uncover a consistent direction of how a 
stronger immersion level impacts empathetic attitudes, and future studies should focus 
on how the immersion factor affects empathy. 
5.2.2.2. Sense of Presence  
Schutte and Stilinović (2017) argued that a format’s immersive quality is not 
related to empathy so much as a sense of presence that represents “a platform for the 
experience of empathy” (p. 709). According to Nicovich et al. (2005), empathy and sense 
of presence may share common features, including the projection of the self into an 
environment and adopting the experience of another with thoughts and feelings related 
to that experience. In other words, a sense of presence may facilitate feelings of 
connection with others and an understanding of others’ perspectives. For instance, the 
authors’ findings showed that the degree of presence is associated with a person’s 




of color blindness in VR elicited participants’ empathetic feelings and concerns for 
people who are color blind. Even though presence and empathy share common features 
(i.e., perspective taking), they are separate concepts: more specifically, presence 
provides a platform for the experience of empathy (Carey et al., 2017).  
Other factors can be further explored to understand how embodied VR affects 
empathy. For instance, the novelty effect of VR should be researched thoroughly and 
validated in longitudinal experiments. The impact of VR on empathy may decrease with 
the level of familiarization with the technology and affect first-time users and participants 
who have more experience in different ways. Further, most VR incorporates narrative 
elements or storylines. Therefore, narrative mechanics and the way narratives are 
presented may also impact empathy levels.  
5.2.3. Research Methods 
In this section, I summarize the research methods used in existing embodied VR 
and empathy studies, focusing on their study design, VR content, and empathy 
assessments. 
5.2.3.1. Study Design 
Some researchers have conducted within-group or between-group in-lab 
experiments (Banakou et al., 2016; Behm-Morawitz et al., 2016; Neyret et al., 2020; 
Peck et al., 2013; Rosenberg et al., 2013). In their experiments, participants were 
embodied in avatars that the researchers intended to represent groups toward which 
they wanted participants to feel empathy, and they were then embodied in a normal 
avatar or one with an opposing identity in the control condition. For example, to compare 
racial bias changes, participants were put in a black-skinned avatar for the experiment 
condition and a white-skinned avatar for the control condition (Banakou et al., 2016; 
Behm-Morawitz et al., 2016). Before-after comparisons have also been conducted 
without control groups (Wijma et al., 2018). The independent factors can either be the 
appearances of the embodied avatars or the interactions they have with other avatars in 
the same environment. There has also been a noteworthy absence of longitudinal 
studies, a lack of diversity in the sample populations, and little knowledge about the 





5.2.3.2. Study Materials (VR Content) 
As they have done for VR in pain management studies, most researchers have 
developed VR prototypes for various empathy scenarios. The VR content has been 
highly customized to different research questions, and very few VR commercial titles 
have been created. The embodied avatars, virtual spaces, social interactions, and 
interactivity with virtual environments have all been designed in the context of 
researchers’ goals. Interestingly, these unique VR applications share three common 
features: (1) they deploy a virtual body from first-person perspective in a virtual place; (2) 
they tend to use body motion systems to track people’s full- or partial-body movements 
in the real world and synchronously present those movements; and (3) they tend to have 
a narrative story or, at least, a narrative background for the virtual scene, and this is 
achieved via environmental design and interactive tasks. These features are the basis of 
virtual embodiment and the other three attributes of presence illusions. 
5.2.3.3. Empathy Assessments 
Researchers have selected a wide range of instruments and behavioral tests to 
measure empathy outcomes. Multiple empathy questionnaires have been developed by 
cognitive scientists and psychologists, including the Compassion Scale (Pommier et al., 
2020), the Basic Empathy Scale (Jolliffe & Farrington, 2006), the Toronto Empathy 
Questionnaires (Spreng et al., 2009), the Questionnaire for Cognitive and Affective 
Empathy (Reniers et al., 2011), the Baron-Cohen and Wheelwright’s Empathy Quotient 
(Baron-Cohen & Wheelwright, 2004), the Kiersma-Chen Empathy Scale (Kiersma et al., 
2013), and the Interpersonal Reactivity Index (Gerry, 2017). These questionnaires were 
developed for different aspects of empathy; they pose different questions, and some are 
for different populations. 
Some researchers have opted to use customized performance tasks to measure 
implicit attitude changes, including gender or racial bias through the Implicit Association 
Test (Lopez et al., 2019; Peck et al., 2013) and action conformity through the Milgram 
Obedience Test (Neyret et al., 2020). A few researchers have either adapted the above 
mentioned questionnaires to accommodate their specific experimental conditions or 
combined a few to receive a more comprehensive understanding of empathy changes. 




Reactivity Scale, three from the Questionnaire for Cognitive and Affective Empathy, and 
three from the Questionnaire to Assess Alexithymia for Adolescents. 
In the human-computer interaction (HCI) field, Carey et al. (2017) proposed a 
holistic approach to measuring all aspects of empathy in VR environments with 
researchers’ observations and subjective data capture. In their method, the Wheel of 
Emotion (Plutchik, 1980) was selected to measure affective changes. The VR-adapted 
Other in the Self Scale (Aron et al., 1992) was also suggested to measure the cognitive 
aspect of empathy (perspective taking). Although Carey et al. drew on this measurement 
based on internal design iterations and reviews without study validations, the holistic 
measurement provided inspiring insights for HCI researchers. To conclude, the most 
appropriate empathy assessment matches one’s research questions (aspects of 
empathy) and directly addresses the study outcomes or participants’ behavioral 
changes.  
5.2.4. Section Summary 
In this section, I first presented the research and primary use case scenarios for 
fostering empathy in VR. Then I analyzed the factors that potentially impact the 
development of empathy in VR, and these were adapted from Barbot and Kafuman’s 
(2020) recent framework. I also offered an in-depth review of the four attributes of 
presence illusions and their potential roles in affecting empathy. Finally, I discussed the 
literature’s general research methodologies, including study design, content, and 
empathy instruments; the work that went into constructing this section helped me better 
plan and justify my research method. 
5.3. Facilitating Empathy toward Patients 
To my knowledge, few researchers have used embodied VR to foster empathy 
toward pain patients. Here, I introduce the cases in which researchers elicited empathy 
for people with pain in video games and VR environments. The findings showed that 
digital media, such as video games and VR, could be an effective and powerful way of 
conveying experiences of pain. My goal in constructing this section was to identify 




embodied experiences to foster empathy toward people with pain, particularly people 
with chronic pain. 
Different media have been explored to address the physical, psychological, and 
social challenges this population faces. The primary approach has thus far been 
perspective simulation of the targeted user group’s symptoms and experiences. The 
ways of communications include:  
(1) audio simulations (Skoy et al., 2016); 
(2) visual simulations: 
a. 2D videos, interactive systems, and video games (Cosgray et al., 
1990; Drigas & Papoutsi, 2016; Jansen, 2020; Reed, 2017; most of 
these researchers’ simulations were game-based); 
b. VR (Dyer et al., 2018, p. 201; Wijma et al., 2018); and 
(3) psychosocial role playing: 
a. point-of-view multimodal simulation or role play (Levett-Jones et al., 
2017). 
In each study, the focus of patients’ medical conditions was unique and ranged 
from dementia and other forms of mental illness to cancer and age-related disease to 
patients undergoing more general treatments. Most of the research prototypes were 
developed as training tools in the context of medical education because health-care 
practitioners and providers (e.g., doctors, nurses, pharmacists, physical therapists, 
caregivers, and health-care trainees) require high levels of empathy to effectively work 
with patients. Studies have shown that these simulation approaches seem to help 
practitioners and providers develop a better understanding of what patients go through, 
which helps in building trust with them. Next, I review these approaches and list a few 
cases under each category. 
5.3.1. Audio Simulations  
Audio simulations are meant to advance understandings of and empathy for 
those who regularly hear voices. Orr (2017) used audio simulations to create the 
symptom of hearing voices that patients with mental illness experience. To increase 




listen to an audio recording that simulated auditory hallucinations. Both authors found 
that empathy scores significantly increased after the simulations. However, since the 
audio was designed to be distracting, scary, and mean, Davidow (2018) argued that this 
approach might not function as intended and could increase people’s fear and 
hopelessness. 
5.3.2. Point-of-View Role Play with Wearable Technology  
In this approach, researchers ask participants to adopt the role of a patient or a 
caregiver and perform a scenario in an experiment. Wearable items or suits are usually 
used to support the physical simulations. For instance, in Levett-Jones et al.’s (2017) 
study, students undertook the simulation in pairs. They were randomly allocated to the 
role of either a person with acquired brain injury or a rehabilitation nurse. The simulated 
patients wore a hemiparesis suit that replicated the experience of dysphasia, 
hemianopia, and hemiparesis. Participants reported significantly higher mean empathy 
scores post-simulation compared to pre-simulation. Similarly, Christina et al. (2012) also 
used role play to enhance nursing students’ soft skills, including their empathy levels. In 
addition to academic studies, a few commercial products are available to increase the 
public’s understandings of certain medical conditions. In a news report, three men put on 
so-called empathy bellies, which are wearable pregnancy simulators made by Birthways 
Inc., to experience a pregnant woman’s belly (Empathy Belly, 2016). The same company 
also produced empathy lungs, a chronic obstructive pulmonary disease simulator for 
understanding patients’ breathing difficulties (Birthways, Inc, 2016). 
5.3.3. Visual Simulations: Videogames  
Even when players are concerned about winning a game, research has 
demonstrated that games and video games have a high potential for fostering empathy 
toward a certain population (Greitemeyer et al., 2010; Konrath et al., 2011; Kral et al., 
2018; “Lemmings (Video Game),” 2019; Olivier et al., 2019). Many games have been 
designed to increase understandings of and eliminate discrimination against patients 
with various medical conditions. Specific techniques have been adopted to enhance 
empathy, such as narratives and storytelling, virtual agents, and biofeedback. Narrative 
storytelling enables players to experience the consequences of medical conditions on a 
vulnerable population’s work, family, and social relationships. For instance, Elude 




need to conquer in a 2D platformer game (Rusch, 2012). A Day in the Life of an 
Inpatient relays a hospitalized patient’s ward experience and tells stories reflective of a 
typical day in such an environment (Cosgray et al., 1990). Using interactive texts, 
Depression Quest presents players with the daily choices of a person suffering from 
depression (Zoe Quinn, 2013). Finally, That Dragon, Cancer tells the story of a four-
year-old who fights cancer; a before-after comparison study showed its effectiveness in 
improving empathy (Chen et al., 2018).  
In addition to storytelling, intelligent virtual agents have also been introduced to 
medical trainees to improve their interpersonal communication skills with patients 
(Deladisma et al., 2007; Halan et al., 2015). Unlike video games, virtual agents directly 
simulate interactions between health-care practitioners and real patients. One study 
explored the effect of the virtual agent’s impacts on participants’ empathy levels in a text 
conversation application (Halan et al., 2015). Another study compared participants’ 
responses to a virtual patient to that of a standardized (human) patient (Deladisma et al., 
2007). Although participants gave more genuine feedback to standardized patients, the 
findings of both studies revealed improved empathic responses and verbal and 
nonverbal communication skills. 
Biofeedback mechanisms play a critical role in constituting feedback loops in 
interactive systems in which biosensor data are used to provide real-time feedback to 
users via data visualizations, games, narratives, or VR. Physiological states are 
integrated into a game, and physiological responses can be used to enhance 
participants’ sense of embodiment (Kors et al., 2016), modulate emotional arousal 
(Muñoz et al., 2016), or mapped to empathic abilities (Schoeller et al., 2019). 
Biofeedback appears to increase the sense of embodiment (Lobel et al., 2016).  
5.3.4. Visual Simulations: VR 
Recently, researchers began using VR as a medium to simulate scenarios that 
foster empathy. Findings from prior studies indicate that immersive VR simulations have 
the potential to enhance people’s engagement with the targeted groups and promote a 
higher level of empathy in medical education and in increasing public awareness (Dyer 
et al., 2018; Loon et al., 2018; Wijma et al., 2018). For example, it can be used for 
difficult-to-simulate scenarios from a first-person perspective and to standardize a 




VR to interactively simulate the experiences of people with dementia to improve their 
caregivers’ understanding of the disease (Jütten et al., 2018; Lindsay et al., 2012; Wijma 
et al., 2018). Another group of researchers created a VR prototype to train employees 
who work for aging services (Dyer et al., 2018). In Dyer et al.’s research, they developed 
a VR game, called The Alfred Lab, which teaches participants about macular 
degeneration and hearing loss from the perspective of a 74-year-old African American 
man. Likewise, Labyrinth Psychotica is a virtual environment created to simulate the 
visual and audio experiences of schizophrenia (Nikolov, 2018). 
5.3.5. Section Summary 
Overall, researchers found that VR enhanced participants’ understanding of 
patients’ health problems and increased participants’ empathy for vulnerable 
populations. However, there are limitations to its usefulness: it is expensive, and follow-
up evidence supporting its long-term effectiveness is lacking. In reviewing the literature, I 
did not find a VR simulation with a scenario aimed at pain patients. Therefore, I designed 
my second research trajectory to explore ways of having people experience pain in an 
embodied VR to develop their understandings of people with pain. The studies I 




Chapter 6. Virtual Embodiment for Fostering 
Empathy toward Pain Patients 
According to conservative estimates, chronic pain affects one in five people in 
industrialized countries (Dahlhamer, 2018). However, public awareness of it was 
remarkably low until the recent opioid crisis (Eriksen et al., 2006). As a result, stigma is a 
problem the people who live with chronic pain frequently face (Ruddere & Craig, 2016), 
and it often leads to self-isolation. More than loneliness, social isolation is correlated with 
a decreasing quality of life and earlier morbidity (Coyle et al., 2011; Turk & Monarch, 
2018). As treating long-term pain means managing it, caregivers and health-care 
professionals must find ways of understanding the lived experience of chronic pain 
sufferers—in other words, they must understand what it is like to actually live with the 
debilitating effects of long-term pain and how it impacts a patient’s BPS realities, ability 
to function, and QoL (Turk & Monarch, 2018). 
Many researchers have evaluated how technologies, such as social media, video 
games, and VR, can foster the affective and perspective-taking aspects of empathy in 
both clinical and nonclinical settings. The immersive and convincing nature of VR has 
profound effects on people’s perceptions and may confer meaningful benefits to 
cognition and behavior. Despite the growing interest in using VR applications to 
generate empathy, few studies have focused on empathy for people living with chronic 
pain. To my knowledge, the correlation between virtual embodiment and empathy and 
the impacting factors of embodiment on empathy have not been studied. I created a VR 
game called AS IF to address these research gaps and foster empathy toward the 
growing number of people who live with long-term chronic pain. Based on my prior work, 
I iterated the design twice and overhauled my approach in two user studies. This chapter 
introduces the game design, the two mixed method studies, and the study results. 
6.1. Study 1: Design and Evaluation of AS IF Version 1.0 
6.1.1. Design Objectives and Game Development 
AS IF was developed in Unity game engine with Microsoft Kinect as the body 




limitations while they simultaneously hear the musings of a chronic pain patient. In these 
ways, the game simulates the experience of having a body that is in pain, albeit in very 
limited ways. Decisions to focus the game on movements and an avatar build on the 
Embodied Simulation Theory, which suggests that people reuse their mental states or 
processes represented in a physical format in functionally attributing them to others 
(Gallese & Sinigaglia, 2011). 
The game starts with an introductory tutorial that shows the player how to interact 
with the system, and how the motor tasks work. When players move their limbs, the 
body sensor changes the position and orientation of the avatar in microseconds; this 
creates an illusion that the player “inhabits” or is mirrored by the avatar. As players 
perform tasks (solving puzzles by connecting virtual dots in a line as shown in Figure 
6.1B), they experience some of the avatar’s mobility limitations “as if” they are facing 
these physical limitations in real life, like chronic pain patients might. Players hear the 
voice of the avatar, a chronic pain patient who provides directions about how to perform 
the game’s tasks. The avatar also talks about what it’s like to live with pain, and how it 
affects things as simple as everyday tasks. “Pain” is made visible by red areas that 
appear on the avatar’s joints (as the red and yellow arrows indicated in Figure 6.1B). 
This indication of pain appears when the avatar’s range of motion becomes limited, and 
therefore hinders the player’s ability to accomplish tasks through the avatar. 
  
Figure 6.1 A. Left: the setup and game mechanism of AS IF. B. Right: a participant interacts with AS IF 
through a virtual body (an “avatar”). The red arrow points to the avatar’s body part affected by chronic pain 
(the elbow), while the yellow arrow indicates the player’s mirrored gesture in the real world. 
After completing the tutorial level, the player is introduced to a narrative of a 
grandmother in a kitchen (Figure 6.2B). The avatar communicates with the use of voice-
clips, that she is baking a birthday cake for her granddaughter. Using the avatar, players 




step-by-step while they hear audio self-talk of what it is like to perform such everyday 
tasks from the perspective of a real patient. When the player completes each task, audio 
feedback and ambient sounds are triggered. Currently, the game offers only one 
scenario – playing as the grandma to bake the cake for her granddaughter’s birthday 
party. 
 
Figure 6.2 A. The overview of the VR game’s environment. B. The first-person player view in AS IF. 
6.1.2. Study Method 
6.1.2.1. Study Intent 
The aim of this study was to find out whether AS IF can motivate empathy and 






Participants were recruited through a convenience sampling method, with ads 
placed in university campus media and emails sent to faculty and student groups. The 
exclusion criterion was any reported history of a chronic pain diagnosis. Fifteen people 
participated in the study, aged from 20 to 34 years old (M = 24.8, SD = 3.8); 27% were 
female (N = 4).  
6.1.2.3. Study Procedures 
Upon arrival at the lab, participants were briefly introduced to the study 
procedure and were instructed to read and sign the consent form. Before the gameplay, 
participants were asked to fill out the pre-intervention questionnaire, which included a 
revised Compassion Scale and the Willingness to Help Scale. Next, they were given 
instructions about the game’s rules and thereafter played AS IF for 10-15 minutes. After 
playing the game, players were asked to fill out the post-intervention questionnaire (the 
same as the pre-intervention). Finally, researchers conducted a 10-minute semi-
structured interview with players, which were audio-recorded. Afterwards, the data were 
transcribed and coded. 
6.1.2.4. Instruments  
To measure quantitative changes in empathy and attitude before and after 
playing the game, the study used two instruments: an empathy questionnaire and a 
scale measuring a willingness to help People with Chronic Pain (PWCP). The self-report 
empathy questionnaire was modified from the Compassion for Others Scale, developed 
and validated by Pommier et al. (Pommier et al., 2020) In the revised version, the term 
“other people” was replaced by “people with chronic pain” in all of the questionnaire’s 
items. The word “when” was modified to “if” since participants may not have had the 
chance to interact with PWCP, and since they responded to a hypothetical scenario in 
the game. The original scale consists of six subscales: kindness, indifference, common 
humanity, separation, mindfulness, and disengagement. Each subscale has four items. I 
adopted the kindness, indifference, separation and disengagement subscales as those 
most closely related to chronic pain. The revised scale had 14 (vs. 24) items in total, as 
shown in the Appendix A. For each statement, players indicated how often they behaved 




calculated and then the summations of each subscale were added together. For the 
willingness to help PWCP, a scenario was presented: “You’re preparing for an important 
interview tomorrow. However, a friend who has chronic pain asks you to help by giving 
him a ride to the airport, a two-hour drive.” Participants indicated their willingness to help 
on a 11-point Likert scale. 
6.1.3. Results and Discussions 
For the quantitative data, the pre- and post-intervention comparisons of the 
Empathy Scale and Willingness to Help Scale were analyzed using one-tailed paired-
samples t-test. For the qualitative data, the in-person interviews were first transcribed 
into digital form. The inductive open coding approach was used to analyze the interview 
data. Each sentence was labeled by codes and related codes were categorized together 
after the entire transcript was coded. Significant emerging patterns were highlighted, 
summarized and grouped into themes. As shown in Figure 6.2 A, for the scores of 
Willingness to Help before and after the game intervention, a significant increase in the 
post-intervention score was observed (M = 8.00, SD = 1.49) compared to the pre-
intervention score (M = 6.89, SD = 2.73), t14 = 2.132, p = 0.026. The effect size for this 
analysis was found to be a median effect (d = .50) according to Cohen’s (1988) 
convention. For the Empathy Scale, the total scores in the pre-intervention (M = 60.27, 
SD = 7.53) and the post-intervention score (M = 62.93, SD = 6.97) did not reach 
statistical significance; t14 = 1.480, p = 0.081. For the Compassion Scale’s subscales of 
kindness, indifference, separation and disengagement, the separation subscale showed 
a statistically significant decrease in the pre-intervention (M = 9.90, SD = 3.09) and the 
post-intervention scores (M = 8.57, SD = 2.27); t14 = 2.098, p = 0.027. The kindness (p = 
0.44), indifference (p = 0.14), and disengagement (p = 0.23) subscales were found to be 
statistically non-significant between pre-intervention and post-intervention scores. 
The quantitative results indicate that while completing tasks in AS IF, players 
achieved a significant increase in the Willingness to Help score with a median effect 
size. However, the game failed in increasing empathy toward PWCP. This lack of 
eliciting empathy may result from flaws in the game design and other factors, such as a 
short duration of gameplay and not enough repeated exposure to the game. The findings 
from the interview below may be used as potential design implications for future 




visually representing pain and storytelling increases emotional attachment and empathic 
attitude. 
Building the Embodied Connections: Relating a Real Body to a CP Patient’s 
Virtual Body (Avatar) Helps Generate Immersion and Fosters Empathy. Creating a 
sensible and reasonable level of embodied connection (i.e., virtual embodiment), is an 
important way for players to feel immersed in the game world and especially to feel that 
they are “in the shoes of” a chronic pain patient. The game’s tasks require full-body 
movements, which are mirrored by the avatar. Because the avatar moves in concert with 
the player, some players reported they felt they were immersed in or were embodying a 
chronic pain patient. Some players reported that they liked how the physical limitations 
led to frustration, and that they felt tired and hopeless at the end of the game. For 
instance, P01 said, 
“I gained some understanding of these people psychologically. I realize they live 
in a depressed way, their body encounter(s) frustration. I, therefore, have some 
sympathy for them.”  
Other players, however, interpreted the disabled movements as software bugs because 
their movements were intentionally disrupted by the program and participants couldn’t 
control the avatar’s motion seamlessly.  
Visually Representing Pain: Providing More Feedback. The visual depictions 
of pain in AS IF appeared less successful than movement constraints. Most participants, 
for instance, did not notice the red areas on the avatar. As P03 reported, “I sometimes 
saw the visual effect changed in the game, but I didn’t realize it is related to chronic 
pain.” Some participants suggested adding more visual and sound effects to make the 
pain areas more obvious. P08 said “I would prefer to have more pain-related sound 
effects like “ouch!” and visuals in the game to remind me that I were a patient.” A few 
participants said that the visual feedback the red areas – was not enough, so they 
suggested that in addition to visual responses, tangible feedback like pressure or heat 
would be more helpful ways to more fully experience some pain-related sensations. 
Narrative Storytelling Creates Emotional Attachment and an Empathetic 
Attitude. Narrative storytelling and role-playing in AS IF helped to create a connection 




chronic pain patients may experience. Situating the players appropriately in a pain-
related identity was an important way to elicit an empathetic response from the players. 
Most reported they felt a sense of relatedness through the narrator’s (a patient) musings, 
and said that it provided them with a mission to help this patient complete her job. In 
these two ways, players reported that they felt “as if” they were the patients, e.g. P11: 
“The story, you hear the story so you get emotionally attached. She still has to work and 
cook the cake,” and P04, “I felt like the old grandmother. I am touched with emotion… 
When the non-harmonious sound plays when you do wrong… it is very emotional.” 
Other aspects of the game were not successful. Some participants, for example, 
mentioned that the connect-the-dots puzzle “pulled them out” from the actual game 
experience. As P04 mentioned: “Dots are too noticeable, (and they) distract me from 
(the) character. I was too busy trying to solve the puzzle.” Moreover, some participants 
reported that while the actual actions of a task (like blending eggs and flour in the bowl) 
worked, tasks should be more commonly experienced. According to P04: “Design 
something that everyone does for sure in real life, like wash dishes.” 
Although results of the study did not indicate a significant effect on the total score 
of the revised Empathy Scale, it did show a significant decrease in the separation 
subscale. The sense of separation is when individuals see another person as separate 
from themselves and tend to stay isolated in the instance of an other’s suffering 
(Elizabeth Ann Pommier, 2011). The game’s embodied simulation, whether intentional or 
not, may lead to frustration, similar to chronic pain patients’ suffering. This shared 
frustration may explain the decrease in separation from PWCP after the gameplay. Such 
quantitative findings were in line with the qualitative interview data. The study limitations 
include a non-randomized, uncontrolled quasi-experimental design which precludes a 
causal inference of the game intervention to the outcomes. Other limitations of the study 
were its small sample size, uneven gender distribution and possibly the youthfulness of 
participants. Furthermore, I only have one scenario in this game, which could be a 
limitation, as the players may not feel the context is relatable. 
6.1.4. Conclusions 
The visual-motor synchronicity of a player’s full-body movements mirrored by the 
avatar appears to elicit identification with the avatar. Results from the mixed-method 




pain patients, but did not show a significant increase in compassion toward PWCP. 
Therefore, I iterated the design of AS IF according to participants’ feedback, and 
conducted the second study as described below in section 6.2. 
6.2. Study 2: Design and Evaluation of AS IF Version 2.0 
6.2.1. Design Objectives and Iterations 
As mentioned in section 6.1, initially, a non-VR desktop version of AS IF was 
developed and tested using Microsoft Kinect. Later, I conducted a study to evaluate the 
effectiveness of this interactive game system (Tong et al., 2017). I found that my 
participants wanted to interact with virtual objects and manipulate them directly, rather 
than solving the more abstract connect-the-dots puzzles. Further, some suggested 
viewing the avatar from a first-person perspective rather than a third-person perspective 
to foster a stronger sense of embodiment. Therefore, I redesigned AS IF and switched 
the motion capture system from Microsoft Kinect’s platform to an immersive VR platform, 
the HTC VIVE. In contrast to the initial version, the movement tasks of AS IF are now 
realistic—direct manipulation of objects by using one’s hands (via controllers). Instead of 
connecting the dots to get something done, the VR player makes a cake by direct action, 
such as breaking an egg. In this new version, participants play from a first-person 
perspective rather than the prior version’s third-person perspective. 
6.2.1.1. Narrative and Stories 
The narrative of AS IF primarily remained the same as prior participants favored 
the story and settings. Similar to the initial version, the VR game starts with an 
introductory tutorial that shows players how to use handheld controllers to interact with 
AS IF and its virtual objects. As the players as grandmother attend to each task of cake 
making, they simultaneously hear the grandmother’s self-talk: the hopes, frustrations, 
and fears that stem from the ways chronic pain affects her. 
6.2.1.2. Representations of Physical Pain 
When the VR player moves each handheld controller, the grandmother avatar 
(the virtual body inhabited by the player) moves synchronously. A widely adopted Unity 




(Final IK - Asset Store, 2019). This synchronous movement from a first-person 
perspective creates an illusion that the player inhabits the avatar—the player thus feels 
as if they are embodied as a grandmother. When the player interacts with the virtual 
objects, they also experience the avatar’s physical limitations that result from pain. The 
idea is to enable the player to get a sense of chronic pain patients’ emotional and 
psychological sufferings. Here, physical pain is made visible in two ways: by limited 
movement (range and the ability to hold onto an object; Figure 6.3) and by a same visual 
cue as mentioned in 6.1.1 (reddened joints in the arm). Another visual effect is that when 
pain spikes in the game, red flashes appear to mimic the onset of a headache (Figure 
6.4). Consequently, these indications of pain are a form of feedback, and players quickly 
learn that they hinder their ability to accomplish tasks through the avatar. 
 






Figure 6.4 Some of the movements of the virtual avatar’s limbs in AS IF become limited when pain increases 
(as circled in the figure). In addition, red flashes signal the onset of a headache. During the flashes, a 
transparent red layer appears over the visible areas of the virtual environment. 
6.2.2. Method 
6.2.2.1. Study Intent 
The goal of this research study was to determine if a serious VR game, such as 
AS IF, may influence participants’ empathy for patients with chronic pain and to explore 
what factors may be important to elicit empathy. Furthermore, based on participants’ 
feedback on this version of the design, I summarize the fundamental design principles 
and game components to help guide future works. 
6.2.2.2. Participants 
Altogether, 18 participants (4 females), aged 19-39 years (mean 24.8, SD 3.8 
years), were recruited through a convenience sampling method for this study. I placed 
advertisements in the university campus media and sent emails to the faculty and 
student groups. The inclusion criterion was anyone older than 19 years, and the 
exclusion criteria were anyone (a) who had a pain condition or (b) was a pain patient or 
(c) did not understand English. No participants had a reported history of a chronic pain 
diagnosis; this was an essential requirement because personal experience of chronic 
pain could bias expectations of AS IF.  




Participants experienced and could interact with objects in the virtual 
environment via a wired, stereoscopic HTC VIVE head-mounted display (HMD) and its 
handheld controllers. I developed the game using the Unity game engine, which was 
responsible for rendering and running the game during the study. These real-time 
rendered scenes of AS IF were sent to the HMD through SteamVR (HTC VIVE) suites; 
the software was responsible for data between Unity and the devices via an API called 
OpenVR. 
6.2.2.4. Procedures 
A mixed-method design approach was adopted in this pre-test, post-test study. 
Participants’ empathy levels toward chronic pain patients before and after playing AS IF, 
and quantitative questionnaires and qualitative interviews were used in parallel to derive 
the findings (Creswell & Clark, 2011). The study lasted for 35 to 40 min in total. On 
arrival, participants were briefly introduced to the purpose of the study and the entire 
procedure and were then asked to read and sign the informed consent form. Next, 
participants were asked to fill out the pre-intervention questionnaire (Appendix A), which 
included the Empathy Scale (revised from the Compassion Scale (Elizabeth Ann 
Pommier, 2011)), the Willingness to Help Scale, the VR-adapted Other in the Self Scale, 
and the Emotional Wheel evaluation. During the intervention, participants were first 
shown how to play AS IF, and then, they played it for approximately 10-15 min.  
When they finished the game, participants were asked to fill out the posttest 
questionnaires to assess their level of empathy toward patients with chronic pain. The 
posttest questionnaires were a repeat of the Empathy Scale, the Willingness to Help 
Scale, and the Emotional Wheel evaluation. The Other in the Self Scale was added to 
assess the relationship between self and the first-person perspective in the VR 
experience (Appendix A). In addition, participants were given a Sense of Embodiment 
questionnaire to evaluate their perceived level of immersion in the VR game. Finally, 
through a 15-min semi-structured interview, participants discussed their experience, 
provided feedback, and offered researchers their ideas about the game. The interview 
topics were primarily about the game’s interactions, depictions of pain, and physical 
impact on participants’ empathetic attitudes in AS IF. Meanwhile, the session was audio 




6.2.2.5. Instruments  
I used multiple instruments to measure various aspects of empathy. For instance, 
the Empathy Scale, adapted from Pommier Compassion Scale (Elizabeth Ann Pommier, 
2011; Pommier et al., 2020), measures multiple-dimensioned implicit cognitive changes, 
whereas the Willingness to Help Scale detects explicit cognitive changes. Wheels of 
Emotion reflects emotional changes, and the VR-adapted Other in the Self Scale 
assesses the perspective taking aspect of empathy. As chronic pain is a complex 
process that involves physical, emotional, and social aspects, I adopted instruments that 
account for cognitive and affective empathy perspectives regarding pain (Appendix A). 
To determine which instruments were validated and the most appropriate, I 
compared existing instruments, such as the Basic Empathy Scale (Jolliffe & Farrington, 
2006), Toronto Empathy Questionnaires (Spreng et al., 2009), and Baron-Cohen and 
Wheelwright’s Empathy Quotient for people with autism (Baron-Cohen & Wheelwright, 
2004). After thoroughly examining questions from each scale and evaluating how the 
scales may fit and be adapted for my purposes and population (patients with chronic 
pain), I selected the Compassion Scale (Pommier, 2011; Pommier et al., 2020) for its 
appropriate number and types of questions. 
In the previous study of the initial version of AS IF, the Empathy Scale, the five-
point Numerical Rating Scale (NRS), and the Willingness to Help Scale (11-point NRS) 
were used to understand if and how that game may have affected participants’ cognitive 
empathy levels. A total of 2 pretest questionnaires were also used in the previous 
version: (1) the Empathy Scale was used to assess implicit empathy (unconscious 
emotion) and (2) the Willingness to Help Scale was used to assess explicit empathy 
(conscious emotion). 
For the current VR version of AS IF, the Wheel of Emotion (Carey et al., 2017; 
ROBERT Plutchik, 1980) and the VR-adapted Other in the Self Scale (Weidler & Clark, 
2011) were adopted to measure any emotional changes associated with empathy and 
the degree of perspective taking according to the suggestions of Carey et al (Carey et 
al., 2017). The Wheels of Emotion provides a comprehensive list of emotions and 
standardizes the data collected (according to Plutchik’s Psycho-Evolutionary Theory of 




to the grandmother’s avatar. Moreover, to further investigate embodiment in the VR 
version, I adapted a sense of ownership (SoO) and a sense of agency (SoA), rated on 
an 11-point NRS (from −5 to 5). The adapted questions are listed in Table 3.1. 
6.2.2.6. Data Handling 
All statistical analyses of the quantitative data were performed using SPSS 
version 22 (IBM) software (SPSS Software, 2020). For qualitative data, in-person 
interviews were first transcribed as electronic textual data. These data were then coded 
into categories based on preexisting knowledge or hypotheses. After comparing the 
results, the researchers highlighted significant patterns and summarized and grouped 
them into themes. 
6.2.3. Results 
6.2.3.1. Quantitative Findings: The Empathy Scale (Adapted Compassion Scale) 
I used a paired t-test to analyze the differences between the before and after 
empathy ratings, total scores and subscale scores (Figure 6.5), kindness, indifference, 
separation, and disengagement (Pommier, 2011). For the adapted Empathy Scale, the 
total scores from the pretest (mean 47.33, SD 4.24) and the posttest (mean = 59.22, SD 
= 4.33) score did not reach statistical significance (t17 = −1.41, p=.07). However, I found 
differences in the subscales: the kindness subscale showed a statistically significant 
increase in the posttest (mean = 15.61, SD = 2.85) compared with pretest (mean = 
17.06, SD = 2.65; t17=−3.97, p=.01). However, indifference (t 17 = −1.52, p=.14), 
separation (t 17=0.75, p=.46), and disengagement (t 17=0, p=.99) subscales were not 
statistically significant before and after the study. The mean and SD values of separation 
(pretest: mean = 11.11, SD = 1.64 and posttest: mean = 10.72, SD = 2.11), 
disengagement (pretest: mean = 11.61, SD = 2.17 and posttest: mean = 11.61, SD = 
2.28), and indifference subscales (pretest: mean = 9, SD = 1.75 and posttest: mean = 
9.83, SD = 2.46) in pretest and posttest are shown in Figure 6.5. Admittedly, the scores 
of the overall empathy and its 3 subscales (indifference, disengagement, and 
separation), which are different combinations of questions from the empathy 
questionnaire, did not change significantly. However, the statistical significance of the 
kindness subscale revealed that this aspect of empathy could be potentially altered in a 




6.2.3.2. Quantitative Findings: The Willingness to Help Scale 
The Willingness to Help Scale has a question that involves a real-world scenario 
regarding how likely one is to help a patient with chronic pain (Appendix A); it is intended 
as a means to evaluate the emotional and perspective taking aspects of a participant’s 
empathy for patients with chronic pain. For the scores of the Willingness to Help Scale 
before and after the game intervention and from a t test analysis, a significant increase 
in the posttest score was observed (mean = 8.33, SD = 2.03) compared with the pretest 
score (mean = 7.17, SD = 2.28; t17=−4.51, p<.001). The effect size for this analysis was 
found to be large, according to Cohen convention (d=−1.06). This statistically significant 
increase indicates that the game was able to increase participants’ explicit willingness to 
help people with chronic pain. 
 
Figure 6.5 Mean values from the Empathy Scale with error bars before and after the study. From left to right: 
total score, kindness subscale, indifference subscale, separation subscale and disengagement subscale (y-
axis: self-reported rating points from the questions in each category).  
6.2.3.3. Quantitative Findings: The Wheel of Emotions 
In their protocol paper for measuring empathy in VR, Carey et al (2017) 




empathy. Specifically, this instrument is intended for understanding affective empathy or 
the spontaneous feeling of oneness with another’s emotions (Carey et al., 2017). 
Therefore, I reported the basic analysis of each participant’s emotional changes before 
and after the study. Overall, 12 of the 18 participants changed from positive emotions 
(e.g., joy, love, and optimism) to negative emotions (e.g., sad, helpless, and scared). 
This may have been influenced by the AS IF experience. Six participants reported no 
changes, regardless of what their initial emotions were. However, half of the 6 
participants first described their emotions as negative ones (e.g., sad, helpless, and 
scared). Therefore, most participants’ emotions appeared to have changed from a 
positive to negative direction. Given that the virtual character’s self-talk can be 
characterized by a sense of frustration and fear, these results suggest that AS IF 
fostered affective empathy. 
6.2.3.4. Quantitative Findings: VR-Adapted Other in the Self Scale 
A fourth set of tools was needed to understand cognitive empathy, characterized 
by understanding another’s perspective while also maintaining a distinct sense of self. 
Regarding the relationship between the virtual avatar and the participant’s self, 13 of the 
18 participants reported feeling an overlap between their sense of self and the virtual 
avatar. Three participants felt completely distinct from the avatar, one participant 
reported not feeling any identity of himself (either inside or outside the game), and one 
participant reported feeling completely the same. Therefore, 14 of the 18 participants 
(74%) could relate the virtual avatar to themselves while playing AS IF. In general, the 
results from the VR-adapted Other in the Self Scale suggest that most participants felt 
the virtual body overlapped with their real identity—the perspective taking aspect of 
empathy. Therefore, most participants were able to take the perspective of the 
grandmother who suffers from chronic pain in AS IF. 
6.2.3.5. Quantitative Findings: SoO and SoA 
As one of the goals was to investigate whether embodiment in VR affected or 
correlated with changes in empathy, I collected posttest data regarding the participants’ 
SoO (of the avatar) and SoA in VR. On average, participants’ scores were higher than 
zero for both SoO (mean = 1.28, SE = .66) and SoA (mean = 1.5, SE = .625). In the SoO 




strongly disagree, and 5 means strongly agree with the statements), the mean values 
here show that the participants experienced a medium to slightly strong level of body 
ownership and agency over the virtual avatar. 
6.2.3.6. Quantitative Findings: Correlation Analysis 
Pearson correlation tests were also run to test the relationship between SoO and 
SoA, between the sense of embodiment (comprising SoO and SoA) and the Willingness 
to Help Scale, and between the sense of embodiment and the Empathy Scale 
(comprising 4 subscales). The results show that SoO is significantly correlated to SoA 
(r18=0.83, p<.001), indicating that the participants’ SoO strongly correlates with their SoA 
in AS IF. Although the correlation between SoO and Empathy Scale scores (p=.10) and 
the SoA and Empathy Scale (p =.11) did not reach statistical significance, the p values 
fell just short of statistical significance. Finally, the results from the Willingness to Help 
Scale had statistically significant positive correlations with the kindness subscale 
(r18=0.63, p=.005) and statistically negative correlations with the indifference subscale 
(r18=−0.53, p=.02). 
Next, I discuss what the participants thought of AS IF and evaluate the strengths 
and weaknesses of the VR game. I also discuss which of the game’s main features may 
be useful for future research. 
6.2.3.7. Qualitative Findings: Interviews Analysis 
Although AS IF does not simulate the physical feeling of persistent pain, the 
game achieved its primary goals: to motivate the participants to reflect on experiences of 
patients with chronic pain and to raise empathy. One participant said: 
“I think this can help me to understand more about patients. It definitely made me 
start thinking about how hard other day-to-day tasks would be for people with chronic 
pain.” [P19] 
Overall, participants considered the game interaction to be easy to follow and 
very intuitive. For instance, P05 said:  




P08 and P09 said: 
“The interaction is pretty straightforward.” 
In general, none of the participants had trouble understanding or completing the 
VR game’s tasks. The two approaches of representing pain in VR had pros and cons in 
providing an immersive experience of a patient with chronic pain. Nonetheless, the VR 
game shows a high potential for fostering cognitive and emotional empathetic attitudes 
toward people with chronic pain. Next, I discuss the three themes that emerged and 
categorized from the participants’ interviews. The first two themes are feedback about 
the motion and visual approaches of representing pain in a VR game, and the third one 
discusses the important role of the game’s narratives in facilitating perspective-taking. 
THEME 1: Representing Pain, Approach 1: Restricting Movement. From the 
interviews, most participants were aware that the physical limitations imposed in VR 
represented pain. However, a few participants initially reported that these restrictions felt 
more like a bug in the program. Overall, approximately one-third of the participants 
considered the randomly frozen hands/arms to be annoying and more like technical 
issues. For instance, P08 and P10 told us that: 
“At first, I thought the arms had some delay compared to my real arms, and I 
thought it was technical difficulties. Then I realized it was the game setting.” 
 Nonetheless, to a certain degree, this mechanism did achieve the goal because 
participants’ emotional status changed, leading to an increased empathetic attitude 
toward the grandma patient. 
“I felt like my movements were slowed down. Plus, I made a mess in the kitchen 
by dropping things. Emotionally, it was a little discouraging and lowered my confidence 
with being able to bake all by myself.” [P04] 
“It was pensive. I was thinking like people with chronic pain, how it’s gonna be for 
them.” [P11] 
The participants reported that their empathy was elicited when they felt that they 




“Suffering pain and I should take a rest and slow down my movement later. I feel 
that everyone else could make a cake faster than me.” 
Although 3 of the participants said they did not have emotional feelings about the 
grandmother, all agreed that the story in this game brought about an awareness. For the 
first time, participants said they started to think about what life would be like for patients 
with chronic pain. For instance, P16 said: 
“Although I can’t feel any pain, I can feel the difficulty of [the] games’ tasks.” 
Interestingly, some participants offered suggestions for improving the game, such 
as adding more and different forms of feedback regarding movement restrictions, such 
as a pain meter or digital pain diary. Some participants also suggested that if the 
granddaughter was visible, she could provide contrast with the physical problems the 
grandma experiences because of her chronic pain. For instance, P09 said: 
“The limited movement also helps as I cannot move quickly, which is appropriate 
for a grandma at her age. But, it would be better if there is any contrast, for instance, 
having a very active child, or people who can move fast.” 
THEME 2: Representing Pain, Approach 2: The Red Flashes Signaling 
Headaches. Generally, participants’ responses to the red flash effect matched my 
expectations. Specifically, the red flashes elicited some sense of pain, if only vaguely, 
through a visual effect. In total, participants reported 3 types of sensations when they 
saw this visual stimulus. The first type reported by the majority of participants was that 
the reddened world made them feel pain and headaches. For example: 
“I did notice the red filter effect, and I can understand that the game was trying to 
express what the pain patient may have experienced.” [P03] 
“It was very annoying, and I cannot think or move when the red shadow 
happens.” [P05] 
“I feel very dizzy when the red flashes were coming out, and I cannot think 





The second type of sensations participants experienced in response to the red 
flashes were not physical pain per se, but an idea of what the reddened environment 
was meant to be, and they felt bothered by it. For example, 2 participants mentioned that 
although they did not feel physiological pain: 
“It can work as an indication to slow down my movement...but I do not feel any 
physical pain myself.” [P09] 
The third type of response to the red flashes was an inability to make an 
association between the visual indication of an impending headache (or pain spike) with 
the patient’s pain experience. Two participants reported that they did not understand this 
idea and did not think it represented pain effectively. 
THEME 3: The Narrative Strengthened Immersion. From participants’ 
feedback, the realistic visual depiction of the kitchen and cake making tasks 
strengthened the experience of being a patient with chronic pain:   
“Everything in this game was so realistic and well-done. I was beginning to 
embody myself to the character and feel I was there. There were moments that I forgot 
that was me.” [P07] 
In addition to the visual simulation, the audio of the grandmother’s inner voice or 
self-talk also strengthened immersion and empathy. For instance:  
“It could put me into this situation by narrating that for me.” [P18] 
“Yes, the narrator was expressive, and the voice felt very exhausted and tired. I 
think the audio was the most influential part and it directed the story.” [P13] 
Overall, 14 participants reported that their affective changes emerged because of 
the game and described it using negative emotional words, including depressed, 
impatient, upset, frustrated, pensive, sorry, and pity. For instance, P01, P03, P04, and 
P11 said: 
“I felt lonely in the game and frustrated while playing the game, but in the end, I 




Moreover, the ordinariness or daily life aspects of the tasks also appear to have 
succeeded in raising awareness of what life with chronic pain might be like. As P19 said: 
“Normally, speaking of chronic pain patients, I usually think of the hospital or 
[them] laying on [a] bed. Baking a cake bring[s] me more awareness about how daily life 
could be so hard for them too. I won’t feel having empathy for them if not doing these 
tasks. Right now, I feel more related to the grandma in the game.” 
Therefore, providing a connection to the virtual avatar—by performing realistic 
tasks and multimodal sensory input in VR—better situated the participants as if they 
were in the patients’ shoes. P11 mentioned that he was thinking of his mother’s chronic 
pain while inhabiting the grandma avatar. He felt frustrated, and his experience in AS IF 
reminded him how hard his mother’s life was. 
6.2.4. Discussions and Conclusions 
6.2.4.1. Principal Findings and Discussions 
I explored a significant redesign and study results of a VR game, AS IF. It is 
aimed at motivating people who do not live with chronic pain (non-patients) to better 
understand the lived experience of chronic pain by increasing empathy. In general, the 
findings demonstrate that participants had greater degrees of empathy toward patients 
after playing the VR game. Furthermore, from the semi-structured interviews, I was able 
to gather essential feedback about the strengths and limitations of the current VR 
design, such as the effectiveness of pain representations.  
Overall, after playing the VR game AS IF, participants scored significantly higher 
on the Willingness to Help Scale and the kindness subscale—an adaptation of the 
Empathy questionnaire. These two scores revealed that not only could one VR 
experience of AS IF raise people’s awareness of chronic pain but it could also increase 
their implicit and explicit empathy. Data from the kindness subscale showed implicit 
cognitive changes, whereas data from the Willingness to Help Scale revealed changes 
in explicit empathic attitudes toward patients with chronic pain. The other three 
subscales showed nonsignificant differences. Furthermore, the qualitative interview data 




what a chronic pain patient’s life would be like, and that they had never thought about 
that before. I assume these findings may result from 2 potential reasons: 
(1) indifference, disengagement, and separation are difficult to affect or change 
during a single, short period, as in this study, 
and (2) the design of the VR game AS IF focused more on the perspective taking 
and emotional aspects of empathy, but it did not have specific game features that were 
meant to increase the four subscales. 
The VR-adapted Other in the Self Scale suggested that most participants felt that 
the virtual body overlapped with their real identity. The findings from the VR-adapted 
Other in the Self Scale also overlapped with the interview results. Some participants said 
they felt embodied in the grandma avatar who has chronic pain through narrative 
storytelling, the immersive environment, and the game tasks. Thus, in the AS IF game, 
participants were able to understand the perspective of the grandma who has chronic 
pain. 
The sense of embodiment scores showed that, on average, participants could 
sense owning and controlling the virtual avatar. However, the Pearson correlation test 
revealed no statistical significance between the sense of embodiment in VR (comprising 
SoO and SoA) and the Empathy Scale (posttest) or the sense of embodiment in VR and 
the Willingness to Help scale. I conjecture that 2 reasons might account for this 
nonsignificant outcome. First, there could be multiple factors that affected empathy 
levels besides embodiment, such as the narrative and the game’s specific tasks (and the 
fun/frustration behind that). Hence, a single factor might not be strong enough to alter 
overall feelings of empathy. As mentioned in the interviews, participants suggested that 
tactile feedback might be a better way to indicate pain or the association of visual effects 
with pain. The second possible explanation could be that the game did not provide a 
strong enough sense of embodiment to reach statistical significance. In interviews, 
participants said they wanted the virtual avatar to more closely match their own gender 
and ethnicity and perhaps even body height and shape. 
A few participants—a male and a participant whose skin color differs from the 
avatar’s—reported they felt disembodied with the virtual avatar because of its divergent 




(indifference, disengagement, and separation) did not change significantly. A crucial 
issue is how long it takes to affect and change empathy and what factors are important 
in facilitating such change. For example, implicit empathy may be difficult to change in a 
short time, in part because of its mental cost (Cameron et al., 2019). 
However, in this study, the VR-adapted Other in the Self Scale findings suggest 
that participants identified with the VR avatar, insofar as the avatar was felt to overlap 
with their real self. Therefore, a perspective taking ability may be critical to being able to 
influence one’s empathetic attitudes toward patients with chronic pain and painful 
experiences. From the qualitative interviews, two approaches to representing pain in the 
virtual body may also foster empathy. Although a few participants found the movement 
restrictions confusing, most reported it made them realize how pain would impact one’s 
range of motion and emotion. Most liked the idea of using the red flashes to represent 
pain spikes and reported that the visual effect felt like a headache or pain (a synesthesia 
effect of transferring a visual sense to an emotional sense). 
Besides facilitating non-patients’ (game players who are health care givers or 
family members of patients with chronic pain) empathy toward patients with chronic pain, 
I believe that a VR game such as AS IF has the potential to benefit patients and other 
researchers. Chronic pain experiences are notoriously difficult to describe and are often 
out of the experiential scope for most people. Hence, VR is one method that may 
provide clinicians and family members or friends who play a caregiving role with a 
deeper understanding of a patient’s chronic pain condition. VR appears to have the 
potential to change the player’s mind significantly (Bailey et al., 2016) and to stimulate 
perspective taking and/or behavioral changes that are associated with empathy toward 
others like patients (Longo et al., 2008; Schäfer et al., 2016). For instance, in previous 
research, Platt et al (Platt & Piatt, 2011, p. 201) showed how empathic communication, 
such as clinicians’ awareness of the patients’ affective states and showing appreciation 
of the patient’s feelings, may reduce patients’ feelings of isolation (Halim et al., 2019). In 
addition, the findings, experiences, and design suggestions from this paper may directly 
benefit other researchers in the future developing empathic games for patients with 
chronic pain specifically or for patients who must manage similarly invisible chronic 
conditions. Given the aging population, this may be particularly useful as an approach to 
medicine shifting from treating acute conditions to managing chronic conditions and 




chronic patients’ pain too?” Although it is impossible to make this determination in this 
study, I assume that the sensations were not the same. For one thing, chronic pain is 
unique and difficult to describe, let alone recreate specific perception. For another, the 
interview findings suggested that current gameplay increased the participants’ 
awareness of chronic pain patients’ situation through the narrative, visual, and audio 
feedback in AS IF. 
6.2.4.2. Study Limitations 
This study also had a few limitations that may affect the empathy outcomes and 
bring a risk of bias regarding the conclusions. First, the sample size for this preliminary 
study was small, and a larger number of clinicians will be tested once the prototype is 
revised and prepared for clinical deployment. Next, to avoid overwhelming participants 
with assessment instruments, the level of immersion in VR was not measured, so I do 
not know if there are potential relationships between immersion and changes in 
empathy.  
Moreover, I only conducted a preliminary, in-laboratory study using 
questionnaires and interviews to evaluate changes in empathy, and no real-life 
assessment has been implemented. One of the scales used in this study, the Empathy 
Scale, was an adapted version of Pommier’s Compassion Scale. The validity of the 
revised scale was used directly in both studies without getting statistical evidence.  
Further, the measurements from this empathy scale might be limited to the “willingness 
to help” and emotional aspects, which don’t fully overlap with the empathy responses. 
Therefore, empathy wasn’t being comprehensively measured and I only identified 
significant improvements on the Separation subscale in the first study and the Kindness 
subscale in the second study. Future studies should consider including other standard 
scales to better understand participants’ potential empathy changes. Moreover, this 
study didn’t measure chronic pain patients’ feedback; thus, its effects on reducing their 
social stigma remained unknown, which could be explored in future research. 
However, evaluating the pragmatic aspects of the VR game is definitely 
something I am planning. This involves running a practical test immediately after the 
subsequent study, asking participants to donate a portion of their study compensation to 




did not have a control group and did not conduct a follow-up study to see if any long-
term empathy behavioral changes persisted. Investigating these factors to determine 
whether they affect changes in empathy are important next steps. 
6.2.4.3. Comparisons with Prior Work 
For a long time, researchers have been looking for evidence about how the 
sense of embodiment in VR may impact one’s cognitive perception (Bailey et al., 2016). 
Various potential impact factors of virtual embodiment on empathy (perspective taking) 
have been investigated, notably, attitudes toward racial bias (Behm-Morawitz et al., 
2016, p.), gender bias (Lopez et al., 2019), and age (Banakou et al., 2013; Tajadura-
Jiménez et al., 2017). I explored the relationship between SoO, SoA, and empathy 
through correlation tests. However, although participants reported a medium-level SoO 
and SoA over the virtual body, no significant relationship was discovered. In summary, to 
put non-patients in the shoes of patients with chronic pain, players inhabit a virtual body 
of a patient with chronic pain who attends to everyday tasks in the VR game AS IF. It 
simulates several experiences common to chronic pain: physical limitations of movement 
and a patient’s verbally articulated self-talk. The visual-motor synchronicity of a player’s 
full-body movements mirrored by the avatar appears to elicit identification with the 
avatar. The results from the mixed methods study revealed that the game was effective 
in improving implicit and explicit empathy. Furthermore, the findings showed that the 
game raised the emotional and perspective taking aspects of players’ empathy. 
However, no associations were found between the sense of embodiment (SoO and SoA) 
and the empathy scales in this game. On the basis of the analysis of participants’ 
feedback, in future work, I plan to: 
• iterate the design features and study protocols according to participants’ 
feedback.  
• conduct a randomized controlled study with a larger sample size that is 
more diverse in terms of gender and age.  
• implement tactile feedback in the controllers (or body sensors) that 
matches the game tasks, and I would also prepare virtual avatars of 




6.3. Chapter Summary 
In this chapter, I adopted an iterative process for creating and assessing an 
embodied VR game called AS IF, which I designed to foster empathy toward people with 
chronic pain. In Study 1, I introduced the design features and user evaluation. I recruited 
15 healthy participants and measured their empathy levels before and after the study. 
The results indicated that AS IF, successfully simulated the experience of a chronic pain 
patient and enhanced empathy significantly in healthy people. Participants’ feedback on 
the game’s task design motivated me to iterate the prototype and revise the study 
method to enhance user experience. 
Therefore, in Study 2, I described the updated game and the study design. I 
recruited 18 participants, and my findings suggested that the new version of the game 
had useful affective and perspective-taking aspects and improved implicit and explicit 
empathy. The kindness subscale from the Adapted Empathy Scale and the Willingness 
to Help Scale showed a significant increase in empathy levels, which was confirmed by 
a t-test analysis of scores before and after the game.  
In both studies, I adopted a mixed methods approach and compared the 
empathy-related outcomes in pre- and post-testing. I summarized participants’ feedback 
on how pain can be communicated by and presented in an avatar, and I analyzed the 
impacting factors (narrative and perspective taking) critical to enhancing empathy.  
The studies validated the effectiveness of the approach taken by AS IF and 
offered promising design suggestions for developing embodied VR games to foster 




Chapter 7. Embodied Design in VR for Analgesia 
and Empathy 
In Chapter 1, I asked how virtual embodiment can affect people’s perception of 
pain and address the BPS challenges that chronic pain patients face. In this dissertation, 
I developed different VR systems and examined their avatar features and design 
features’ effects on users’ sense of embodiment. To understand how virtual embodiment 
correlates to perception changes, I manipulated the appearance and motions of virtual 
bodies and examined participants’ embodied experiences and the associated changes in 
perceptions or, put another way, how pain patients embodied in a healthy virtual body 
will experience pain and how healthy people embodied in a painful virtual body will 
experience empathy. To explore these ideas, I conducted a series of studies and 
analyzed my data, keeping the following research questions in mind:  
• Can the virtual embodiment approach effectively (a) support pain patients in 
modulating their pain and (b) foster empathy toward their conditions?  
• What are the potential correlations between embodiment and pain levels and 
between embodiment and empathy levels?  
• What are the design recommendations and suggestions for future research 
on VR embodiment, pain, and empathy? 
7.1. Summary of Findings 
In Chapter 1, I defined this dissertation’s conceptual model of pain and how VR 
enables an embodied experience that can affect pain and empathy. After identifying the 
research problems, I situated my research questions along two trajectories: VR for pain 
modulation and VR for empathy facilitation. In Chapter 2 and Chapter 5, I reviewed the 
literature on definitions of embodiment and its clinical applications in pain modulation; I 
also examined research on VR analgesia (Chapter 2) and empathy (Chapter 5) 
separately, focusing on studies’ embodiment approaches, research methods, potential 




Chapters 3 and 4 explored the role and effectiveness of virtual embodiment in 
pain modulation from the BPS aspect of pain. In Chapter 3, I reviewed an embodied VR 
environment and described two of my research experiments that evaluated how avatars’ 
appearances and motions affect healthy people and patients’ embodiment and pain. 
Study 1 was conducted with healthy people exposed to pain stimulus, and Study 2 was 
conducted with CRPS patients. The results of both studies demonstrated that being 
embodied in a virtual body has an analgesic effect. Seeing embodied virtual arms in VR 
from a first-person perspective significantly reduced participants’ self-reported pain 
ratings compared to the control conditions in which the virtual arms did not appear. 
Moreover, the results also showed that manipulating the motions and visual realism of 
the embodied virtual arms can strongly affect SoO and SoA. Nevertheless, I did not find 
a significant effect of synced movement on pain reduction in either population. 
Interestingly, for CRPS patients, the lower-level visual realism (abstract tube) conditions 
elicited significantly lower ownership but significantly better analgesic effects than the 
realistic virtual arms conditions. 
In Chapter 4, to evaluate virtual embodiment’s long-term effects on chronic pain 
modulation, I conducted a narrative literature review and analysis of the existing VR and 
AR approaches in the context of PLP, and I reviewed a longitudinal case series 
experiment with five PLP patients. The findings from this review suggested that very few 
studies explicitly measured embodiment or the controllability of phantom limbs’ 
movements and that the effects of virtual embodiment on PLP modulation has not been 
sufficiently investigated. Therefore, I created a VR system that could mirror the 
movements of PLP patients’ intact hands with the phantom hands in VR. I found that 
repetitive exposure to VR interventions leads to reduced PLP and improvements in 
anxiety, depression, and SoO and SoA. Importantly, I also found that users’ ability to 
move their phantom limbs improves because of the shortened motor imagery of the 
impaired limb. My study proved the potential of using the virtual embodiment approach in 
long-term pain alleviation and the motor imagery method to measure PLP patients’ 
phantom limb movement and agency in future research. 
In Chapter 6, I use the virtual embodiment approach to address the social stigma 
that chronic pain patients face. My goal was to embody non-patients in the perspective 
of a pain patient’s virtual avatar so that they could see and experience life in a painful 




understanding of and empathy toward pain patients. I created an embodiment game 
called AS IF and iterated the game design based on participants’ feedback. I described 
the pilot study in which I evaluated the proof-of-concept idea of using an embodied game 
to foster empathy. Findings from the pilot test showed that the game effectively improved 
users’ willingness to help chronic pain patients, but it did not show a significant increase 
in empathy. After receiving promising feedback, I redesigned the game tasks, 
interactions, and parts of the narrative and evaluated them in a second user study. The 
findings of the second mixed study revealed participants’ feedback about how to present 
pain in the virtual avatar, the game tasks, and the narration. A significant increase was 
observed in the Willingness to Help Scale and the Kindness subscale, one of the five 
subscales of the empathy measurement. 
7.2. Summary of Dissertation Contributions 
7.2.1. Greater Insights and Design Recommendations 
Concerning the biological, psychological, and social aspects of pain, my 
dissertation contributes an empirical understanding of virtual embodiment’s effects on 
one’s perception from two trajectories. This includes understanding how manipulating 
avatar features affects one’s sense of embodiment and pain perception with different 
pain etiology as well as whether and how embodied VR experiences can foster 
empathetic attitudes toward pain patients. These insights can further our scholarly 
understanding of how embodied VR experiences alter people’s perception of pain and 
practice of empathy and can inspire future research in this domain. Moreover, these 
insights can benefit marginalized users and chronic pain patients, and they can shape 
the design space of virtual embodiment environments and clinical applications. 
7.2.2. Technical Implementations  
This dissertation offers the design and development details of multiple embodied VR 
systems, which benefits the virtual embodiment research fields by suggesting more 
feasible equipment setups and implementation approaches. In the research presented in 
Chapter 4, I used a Leap Motion sensor and mapped the motion data to the virtual 
avatar with both healthy participants and pain patients. This system setup is not novel for 
industrial applications. However, it offers a cost-effective way of realizing synchronous 




presented in Chapter 5, I mapped the movement of PLP patients’ intact arms to their 
virtual arms so both could act in a mirroring way. For this study, I synchronized the 
controllers’ motion in VR for reconstructing the entire virtual arms’ motion. Again, this 
system offers a cheaper way of realizing mirror therapy in VR when most previous 
studies adopted expensive and complex systems, such as data gloves or motion capture 
sensors and bodysuits. In the research presented in Chapter 6, I first utilized Microsoft 
Kinect to capture the entire body movement and map it to the virtual avatar for 
completing game tasks (i.e., solving a puzzle). After migrating the prototype to a VR 
environment, I adopted the same method presented in Chapter 5 to set up the 
movement of the virtual avatar, achieving the full-body motion features with VR 
controllers. To foster participants’ visuomotor experiences of pain, I introduced visual 
features to the avatar and restricted its range of motion; researchers can refer to this 
method going forward. 
7.2.3. Study Methods and Results  
The scientific findings from the studies presented in chapters 4, 5, and 6 also 
highlighted the value of virtual embodiment in altering patients’ cognitive experiences of 
pain as well as the perspective taking of marginalized users (i.e., chronic pain patients). 
Although this dissertation’s methods and results follow the standard protocols of prior 
studies, I demonstrated potential new application scenarios in order to understand PLP 
patients’ phantom limb movement through mental imagery tasks in Chapter 5 and a 
combination of multiple empathy measurements in Chapter 6. Often, designers and 
practitioners pursue a high level of visual realism when designing VR scenes for pain 
modulation, while embodied experiences and perception changes are discounted. The 
results presented in Chapter 4 remind us that low visual realism may have a better 
analgesic effect for CRPS patients.  
7.2.4. Conceptual Design Framework  
Finally, my work contributes to the conceptual framework of designing embodied 
VR experiences to foster changes in users’ perceptions. For the virtual embodiment and 
pain-modulation trajectory, the four attributes of presence illusions, pain etiology 
(participants), and avatar features (VR content) should be included in the framework, 
and they should be carefully implemented on a case-by-case basis. For the virtual 




perspective taking, such as visual details or multimodal feedback, and narrative 
storytelling should be considered as the background context of the design framework. I 
discuss the roles of embodiment in pain modulation and empathy generation more in-
depth in the following section. I also propose a conceptual framework for designing 
embodied VR for pain modulation and empathy generation in future research. 
7.3. Designing Embodied VR for Analgesia and Empathy 
The Impact of Seeing a Virtual Body on VR’s Analgesic Effects. In addition to 
the discussions of the three experiments in chapters 4 and 5, I will further analyze the 
impacts that seeing a virtual body or avatar has on VR’s analgesic effects from three 
perspectives. First, what are the effects of seeing a virtual body on virtual embodiment 
and pain modulation? Second, what are the avatar features that can affect virtual 
embodiment and pain modulation? Third, does pain etiology affect how avatar features 
work in embodiment and VR analgesia? My discussion explores three theories that 
could explain why virtual embodiment affects pain. 
What Are the Effects of Seeing a Virtual Body on Virtual Embodiment and 
Pain Modulation? This dissertation’s findings suggested that the seeing a virtual body 
in VR elicits varied levels of virtual embodiment (ownership and agency) and analgesic 
effects in all VR experimental conditions. All experimental conditions significantly 
reduced pain when compared to the control condition, regardless of pain types. 
However, various states of the avatar features elicited significantly different levels of 
ownership and agency. 
What Are the Avatar Features that Can Affect Virtual Embodiment and Pain 
Modulation? As noted in subsections 2.3.1 and 2.4.1, most experiments have mainly 
manipulated the appearances and motions of virtual bodies (or body parts) to affect 
one’s sense of embodiment and associated changes in pain. The appearance of the 
virtual body includes components such as skin color and transparency, body size and 
shape, and points of view (first-person versus third-person perspectives). Researchers 
have generally manipulated the movement of virtual bodies in three ways and in relation 
to the real-world body: static, synchronized, and asynchronized movements. Both 
appearance and motions changes can alter one’s sense of embodiment, and these two 




enhance the overall SoO (Botvinick & Cohen, 1998; de Jong et al., 2017; Ehrsson et al., 
2005). However, the effect of touch in VR on embodiment and potential changes to pain 
levels have not been explored in the literature and require further exploration. To 
conclude, visual and motor modalities should be considered as the primary avatar 
features that alter one’s perception of embodiment. 
Does Pain Etiology Affect How Avatar features Work in Embodiment and 
VR Analgesia? Much like Matamala-Gomez et al. (2019a), I found that pain etiology 
does not affect people’s sense of embodiment, but it does affect the way virtual 
embodiment works to reduce pain. Based on my two studies presented in Chapter 4, 
CRPS patients feel ownership and agency over the virtual arm to a similar degree as 
healthy subjects, which also aligns with Matamala-Gomez, Diaz Gonzalez, et al.’s work. 
As the authors noted, this can be supported by the fact that the brain regions associated 
with multisensory integration are preserved in CRPS patients in the same way as 
healthy people. Indeed, prior research showed that phantom limb pain patients who are 
missing one limb still feel ownership and control over the virtual limb that mirrors the 
movements of their intact limb (Osumi et al., 2018; Tong et al., 2020). This phenomenon 
revealed that pain etiology does not affect CRPS and PLP patients’ sense of embodying 
a virtual body when compared to healthy people. 
Findings from this dissertation and other studies indicate that pain etiology 
affects how visually induced ownership modulates pain, which is not the case for 
embodiment. Most studies have been conducted with healthy people exposed to pain 
stimulus. Their results suggest that SoO can positively affect pain reduction by 
manipulating the virtual arms’ appearance and motions. For instance, Martini et al. 
(2015) observed participants’ body ownership illusions decreased when the virtual body 
became more transparent, but they did not find any pain threshold changes. However, 
when a similar transparency factor was tested with CRPS and PNI patients, Matamala-
Gomez et al. (2019a) revealed the different ways pain was affected by the appearance 
of the virtual arms. They found that increasing transparency increased ownership and 
pain in PNI patients, but it decreased pain in CRPS patients. In a second example, 
although increasing the body size negatively affected healthy participants’ SoO, it did not 
impact their subjective pain ratings (Romano et al., 2016). When the same study was 
conducted with patients, interestingly, increasing body size increased pain ratings in 




Further, my study with CRPS patients conflicted with Zanini et al.’s (2017) 
research with healthy participants. In the study presented in Chapter 4, I observed a 
negative correlation between ownership and pain reduction in CRPS patients when 
manipulating the visual realism of the virtual arms; the realistic arm condition had higher 
ownership ratings but less analgesic effects than the abstract tube condition. This was 
contrary to Zanini et al.’s findings, as they observed significantly better analgesic effects 
with the realistic arm condition than the abstract tube condition. As for motion-induced 
agency, I did not find any significant differences in pain modulation between healthy 
subjects and CRPS patients in my study or in the literature, as it is a null effect. In short, 
although healthy people and patients share similar perceptions of ownership and agency 
over the same virtual body, pain types affect the association between one’s sense of 
ownership and pain. 
Given all of the above, questions must be asked to find out why my findings did 
not support my hypothesis that embodiment positively correlates with pain reduction. In 
Study 1, why did significantly higher ownership levels not affect the pain of healthy 
participants but elicited significantly higher pain levels in CRPS patients? In both Study 1 
and Study 2, why did higher agency levels not elicit significant changes in pain? Below 
are three possible answers. 
It is possible that attention distraction is the underlying explanation of the virtual 
embodiment analgesia approach and that there may be a threshold value of attention 
needed for pain alleviation. In Study 1, both the static hand and sync hand conditions 
featured a virtual body and attracted more of the participants’ attention than the control 
condition, which featured an empty virtual room. Therefore, both experimental conditions 
elicited significant pain reduction when compared to the control group. In Study 2, the 
abstract tube condition offered participants’ a more novel experience than the realistic 
arm condition. Although the realistic arm condition elicited significantly higher levels of 
ownership, it required less attention than the abstract tube condition, which led to less of 
a pain reduction. Regarding the relationship between agency and pain, it is possible that 
whether or not the virtual hand moves synchronously with the real one, simply seeing 
the virtual arms causes participants to reach the attention threshold for analgesia and no 
further effect will appear thereafter. This explains why motion-induced agency did not 
affect pain changes at all. Therefore, attention theory and its threshold level for 




changes. To date, no research has compared the analgesic effect of the traditional 
distraction approach to the embodiment approach. Future research should compare the 
effect of seeing only a virtual body and seeing no body but having an interactive virtual 
environment to understand the effectiveness of each approach. 
The other theory that can answer the above questions is predictive coding 
proposed by Friston and Kiebel (2009), and later adopted by Riva et al.’s (2018) to 
explain how embodiment might work in VR. According to the authors, predictive coding 
suggests that the brain actively maintains an internal model (simulation) of the body and 
the space around it; this model provides predictions regarding expected sensory inputs 
and tries to minimize the amount of prediction errors (or surprises). In other words, 
predictive coding assumes that our brains create embodied simulations to effectively 
regulate and control our bodies in the world (Friston & Kiebel 2009, Riva et al., 2018). In 
Study 1, I conjectured that the brain was able to adopt the new look of the virtual arms in 
the two experimental conditions and that it drew on the simulations to map the real arms 
to the virtual ones to minimize prediction errors. Because the virtual arms were seen 
from a first-person perspective and looked healthy, the participants could generate a 
model to fit in that specific body, which reduced pain levels. Again, in Study 2, the brain 
tried to adopt the new look of the abstract tubes and realistic arms and map them to 
participants’ perceptions of their real arms. Realistic arms looked and felt familiar to the 
brain, but the brain was not aware of the mappings between the abstract tubes and real 
arms, nor could it predict how perception would or should change. The goal is to have 
the brain’s predictive coding model make the participant feel that their virtual arms are 
real. In this case, people’s perception of pain seems to be reduced when no source of it 
is presented in the virtual body. Therefore, the abstract tubes had better analgesic 
effects than the realistic arms. In both cases, movement and its elicited agency had 
nothing to do with the arms’ healthy appearance, so they did not impact how the brain 
predicted and perceived pain. 
The last explanation is that the visual body network overlaps the pain network in 
the brain, and having a visual perception of one’s physical body could have an analgesic 
effect if it activates the brain’s visual body network, as suggested in Longo et al.’s (2012) 
neuroimaging study. The authors compared two conditions in which participants were 
either viewing their hands or an object. They found that laser-induced pain ratings are 




Such an analgesic effect was positively correlated with an increase of functional 
connectivity between the visual body network (i.e., the posterior parietal cortex) and the 
areas in the pain matrix, such as the primary and secondary somatosensory networks, 
the anterior cingulate cortex, and the insula (Longo et al., 2012). In Study 1, the visual 
body network may have been activated in both the static arm and synced arm 
conditions, and that activation may have contributed to pain reduction in the pain 
network. Since long-term chronic pain sufferers usually have a distorted pain network 
(Lotze & Moseley, 2007; Moseley, 2005), the effect of a visual body network on pain 
might be different in patients than in healthy people. Study 2 was conducted with CRPS 
patients; thus, the activated visual body network did not affect the pain network the same 
way as it did in Study 1. 
Further, in Study 1 and Study 2 mentioned in Chapter 4, the incongruences 
between the visual representations of the body parts and the sensations (i.e., the static 
movement condition) could have elicited a sensory conflict and suppressed afferent 
information—a process Longo et al. (2009) called “deafferentation” (p. 20). In my 
experiments, it is possible that the inconsistencies between the real bodies’ movements 
and the avatars’ movements were blocked by the deafferentation mechanism, so the 
same extent of implicit embodiment was induced in participants. Therefore, significantly 
increased agency in synced movement conditions did not improve analgesic effects. 
However, more evidence (such as fMRI data) is needed to understand whether agency 
in synchronous and asynchronous conditions affects the neural patterns of the visual 
body network activation and its connectivity with the pain network. 
Researchers have suggested that related areas in the brain modulate pain and 
the processes of nociceptive information in the descending pain pathways (Gold et al., 
2007). To conclude, all three explanations could elicit perception changes in attention 
and bodily awareness, and they each support the top-down modulation theory of pain. 
However, each takes a different perspective: attention mechanism, predictive coding 
mechanism, and brain networking. Further studies are required to test all explanations 
and identify which is operative or most operative. I provide more details regarding 




7.3.1. Design Recommendations 
Regarding design recommendations for future research and VR applications for 
pain management, I developed a set of best practices inspired by this dissertation’s 
findings and the literature.  
• Show patients a healthy-looking avatar or parts of a virtual body that correspond 
to real parts of their bodies that are in pain, regardless of virtual realism 
(tubes/arms), as this plays a significant role in increasing their sense of 
embodiment and decreasing their pain levels.  
• Carefully consider and manipulate the avatar’s appearance according to the 
effects that various characteristics have on pain because pain etiology affects the 
way virtual embodiment engenders analgesia. The embodied avatar’s visual 
characteristics can alter users’ SoO; skin color and transparency and body shape 
and size are all important. However, SoO is not always positively correlated with 
pain reduction levels, and each visual characteristic has different outcomes for 
different types of pain. 
• Continue to explore the ways of motion-elicited agency in different pain patients. 
The avatar’s movements significantly affect people’s SoA but not their pain. Prior 
studies gave healthy people considerable control over virtual bodies and 
compared the resulting analgesic effects with a low control condition. Studies in 
Chapter 4 compared CRPS patients’ pain levels in high control and no control 
conditions. Neither revealed any significant reduction in pain levels. However, the 
case series in Chapter 5 indicated that mirrored movement of a phantom limb 
plays an important role in reconstructing PLP patients’ distorted body image.  
• Be aware that physical interaction and embodiment have interrelationships with 
each other. If the interactive tasks are related to changes in the avatar’s 
appearance, users feel an elevated sense of embodiment and reductions of pain. 
I would recommend future research to further explore how performing interactive 
tasks may alter people’s sense of embodiment and pain by comparing it to a non-
interactive condition.    





7.4. Communicating Pain and Facilitating Empathy in 
Embodied VR 
The findings from the two studies in Chapter 6 demonstrated that embodying 
healthy participants in a chronic pain patient’s avatar can foster cognitive empathy (i.e., 
perspective taking) and affective empathy (e.g., the kindness subscale of the Adapted 
Empathy Scale and the Willingness to Help Scale). In this subsection, I further discuss 
the results of both studies, analyze virtual embodiment’s role in generating empathy, 
validate the impacting factors, and propose design recommendations for future VR 
empathy applications, and I do this with consideration of three aspects: avatar features, 
narrative, and virtual presentations of pain. 
7.4.1. Impacting Factors of Embodiment’s Effect on Pain 
Seeing an avatar and feeling embodied in it are necessary conditions to 
engender perspective taking, and avatar features affect users’ levels of 
embodiment and self-identity. Participants from both studies reported that embodying 
the avatars was necessary for them to take the perspective of a chronic pain patient and 
play the role of such a patient throughout the tasks. Further, based on participants’ 
feedback in both studies, the embodiment’s first-person perspective is more effective in 
eliciting the embodiment illusion than a third-person perspective. Although results from 
Study 2 did not reveal any significant correlations between virtual embodiment and 
empathy levels, the findings suggested that the embodied characteristics (avatar 
appearance and movements) impacted participants’ sense of embodiment and their 
perception of their identity. For instance, full-body synchronized movements gave 
participants a high level of control (i.e., agency) over the avatar through the Kinect 
(Study 1) and the HTC VIVE’s sensor capture system (Study 2). The avatar was a 
chronic pain patient and an elderly grandmother in her 60s. The avatar’s outfits (clothes 
and shoes), body figure (height and weight), skin patterns, and even hair were 
realistically modeled after a real person. Embodying such a vivid avatar gave 
participants a concrete idea of the patient’s identity, which matched the virtual context or 
environment. Specifying this avatar’s identity answered the question implicitly posed to 




can break some users’ experience of immersion if their self-identification clashes with 
the avatar. For example, in Study 2, one participant with dark skin reported that the 
avatar’s white skin drew his attention and made him feel uncomfortable. Similarly, a tall 
male participant reported feeling disembodied because the avatar’s slim and short body 
did not map to his real body. Researchers have not studied how identity 
misalignments—the connections between the real body’s physical characteristics and 
the appearance of the avatar—affects sense of embodiment and elicited empathy. 
Therefore, future research should explore how users’ sense of embodiment and 
empathy are connected to whether they identify with avatars’ appearances. 
Combining multiple modalities communicates the embodied avatar’s pain 
in a way that matches the narrative context. In both iterations of the AS IF game, I 
implemented visual components and movement features in the digital world to mimic 
how pain works in the real world. The virtual arms’ unhealthy skin presented a long-term 
symptom of chronic pain, and the occasional special visual effects (reddened arms and 
fisheye effects in Study 1, and reddened arms and red flashes in Study 2) 
communicated the acute pain spikes that patients felt. Meanwhile, synchronized 
movements gave participants a high degree of control over the avatar. Further, 
movement restrictions were occasionally added to represent issues pain patients’ have 
with their range of motion. Although some participants understood these limitations as a 
consequence of living with chronic pain, others thought they broke their control of the 
avatar while they were interacting with objects and the environment, and they 
misinterpreted the limitations as programming glitches.  
These two studies validated the idea that visual effects (e.g., unhealthy skin, 
fisheye and red flash camera effects) can communicate the symptoms of pain to healthy 
people, but manipulations of the movement factor should be carefully considered to 
avoid breaking the embodiment illusion and perspective taking. Besides visual and 
motor feedback, audio cues and physical feedback were suggested by participants, such 
as weights added to participants’ real bodies to hinder movements. In short, this 
dissertation’s findings recommend using a multimodal approach to communicating the 
avatar’s pain; however, it should be noted that manipulating movement requires 
exploration and evaluation. By combining multimodal sensory and motor stimulations 
with a first-person perspective visual input, the experience can lead users to feel actively 




adopting new attitudes and modulating cognitive biases and behavioral responses 
(Bertrand et al., 2018). 
Narratives are essential to sharing pain patients’ experiences and other 
vulnerable groups in embodied VR and should be explicitly integrated into the 
game. If the embodied VR provides users with a perspective to take, the narrative 
component should provide content and experiences specific to that perspective. Game 
designers and researchers use a ludology lens to define narrative (Koenitz, 2018). 
Usually, narrative in games refers to all aspects that contribute to the telling of a story, 
and it has occasionally been used to describe the story itself. Narratives answer the 
question of why users, once embodied, are in a particular place, what they should do, 
and what the purpose of their actions is. Therefore, VR narratives allow users to enter a 
virtual scenario that represents a story, which is more effective than passively watching 
a 360-degree shot of the environment.  
In AS IF, the narrative was integrated into the participants’ game tasks and 
delivered in different ways across the two studies. Both approaches adopted a linear and 
embedded (predetermined) way of presenting the narrative but did so through different 
game tasks. In Study 1, players were asked to solve puzzles and connect dots using 
physical movements (Figure 6.1B), and the narrative was delivered via a puzzle-solving 
task. First, participants experienced pain patients’ physical challenges and range of 
motion issues when they moved their upper limbs to solve puzzles. Then the underlying 
story of a pain patient and the game’s goal implicitly emerged while completing the task 
(in the game, the grandma avatar has promised her granddaughter that she will bake a 
birthday cake). Participants’ affective empathy was elicited because of the frustrating 
experience of completing the puzzle-solving task. However, participants suggested that 
designers explicitly integrate the narrative into the game tasks so their attention was 
focused directly on the story rather than the puzzle. Therefore, in Study 2, I changed the 
game task from puzzle solving to direct manipulation so the participants could interact 
with the objects and directly complete the steps of baking the cake. This comparison of 
narrative delivery approaches indicated that explicit storytelling and game tasks elicit 




7.4.2. Design Recommendations 
Below, I summarize design recommendations and study directions for future 
research focused on using embodied VR to generate empathy. 
• Show participants an avatar (or parts of its body in pain) in pain with visual 
and motor cues (such as unhealthy skin, limited range of motion, and other 
potential pain symptoms) from a first-person perspective, as this is significant 
in increasing healthy people’s sense of embodiment and enhancing their 
empathy levels. Manipulations of the avatar’s appearance enhance users’ 
perspective taking of the body in pain.  
• Keep movements between participants real and virtual selves synchronized, 
as this is critical to perspective taking and interacting with the virtual content 
from that perspective. However, as the findings in Chapter 6 suggested, 
disrupting synchronized movement can break immersion and may not be 
perceived as a symptom of pain. 
• Integrate pain patients’ (or a vulnerable population) experience into 
interactions that communicate narrative, as this improves participants' 
empathetic attitudes. The narrative should present pain patients’ challenges 
and experiences, and the narrative components should include visuals, 
audio, narration, and game tasks. 
• Social communications and physical interactions should be designed as part 
of the narrative and contribute to pain patients’ experiences.  
• The extent to which participants align their own identity with that of the 
avatars they embody should be further explored, as this affects their empathy 
toward pain patients. To do so, researchers should consider ways of 
designing the avatar’s appearance, including skin color and body shape and 




7.4.3. Bodily Resonance: Toward a Unified VR Design Framework for 
Pain and VR for Empathy 
This dissertation’s main focus was to understand the effect of avatar embodiment 
on pain modulation and empathy generation. In other words, it explored the broader 
questions of virtual embodiment: can a real body resonate with a virtual body (bodily 
resonance) so the brain can believe what the virtual body sees and make sense of it, 
leading to cognitive and affective changes? If so, how do such changes happen, and 
what are the impacting design factors? Answers to these questions will provide a 
framework that guides researchers in their design of embodied VR applications for pain 
modulation and empathy generations, and it will help researchers comprehensively 
examine the impacting components.  
Bodily resonance is the “comparison between cognitive representations of our 
own self-image and that of the other” (Bedder et al., 2019, p.1). Self-image 
representations encode personal features in neural networks (particularly physical and 
bodily ones, such as gender, skin tone, hair color, and more abstract characteristics, 
such as group memberships). The cognitive mechanistic account of bodily resonance 
states that “during subsequent perception of another agent, total output from the self-
image network is proportional to the degree of overlap between that agent's features and 
the encoded self-image” (Bedder et al., 2019, p. 2). Virtual embodiment shows that our 
self-image representations are highly plastic and that they can influence social cognition 
by modifying pain and generating empathy after a VR experience. Therefore, I here 
introduce this concept to my proposed design framework and envision that reaching 
bodily resonance will be important for empathy and certain types of pain, such as PLP, 
though perhaps not CRPS. 
In chapters 4 and 5, I presented my creation of a healthy avatar that patients can 
embody to self-manage their pain. Similarly, in Chapter 6, I presented my creation of an 
avatar in pain that healthy people can embody to elicit their empathy for patients’ pain 
and emotional challenges. Upon scrutiny of the design processes, VR’s pain and 
empathy uses share similar design components, including (1) participation of the real 
body, (2) VR content, (3) illusions of being in a place and/or a virtual body, and (4) 
perception (pain or empathy). Drawing on support and evidence from my own studies 




and empathy applications (Figure 7.1B), and I discuss how each component functions 
and impact each other. 
 
 
Figure 7.1 Top: Embodied VR for pain application framework. Bottom: for empathy application framework. 
Figure 7.1A demonstrates my proposed design framework for pain-focused VR 





(a) The real body is a patient in pain and provides inputs to the VR system via 
motion sensors, biofeedback sensors, or controllers. 
(b) The VR content falls under four categories—a place or environment, a body, 
interactions in the place, and interactions with objects in the place—which are 
related to the four presence illusions.  
(c) The content and modalities elicit a virtual embodiment illusion and the other 
three types of illusions. Manipulating avatar features, such as the avatar’s 
appearance and motions, can significantly alter patients’ perception of owning 
and controlling the virtual body. Bodily resonance occurs when patients feel a 
great level of embodiment over the virtual body, how pain etiology affects 
pain when the real body resonates with the virtual one has yet to be 
discovered. 
(d) Embodiment and other presence illusions impact changes in pain, potentially 
because of three theories discussed in Subsection 7.3.1 (predictive coding, 
attention, and overlapped brain networks and pathways of embodiment and 
pain). 
 Figure 7.1B illustrates my proposed design framework for empathy-focused VR 
applications and, apart from (b) above, is similar to the previous framework. Below, I 
provide a detailed explanation of the similarities and differences. 
(e) The real body is a healthy person and provides inputs to the VR system 
through motion sensors, biofeedback sensors, or controllers. 
(f) The VR content falls under four categories—a place or an environment, a 
body, interactions in a place, and interactions with objects in this place—
which are related to the four presence illusions.  
(g) The content and modalities elicited virtual embodiment illusion and the other 
three types of illusions. Manipulating avatar features, such as an avatar’s 
appearance and motions, can significantly alter patients’ identification with it 
(cognitive empathy, or perspective taking). In addition to embodiment, 
illusions of being in a place, physical interactions, and social communications 




affective empathy. Bodily resonance occurs when people feel a great level of 
embodiment in the avatar, and it is important in the facilitation of perspective 
taking. 
(h) Embodiment and other presence illusions impact changes in empathy, 
potentially due to perspective taking. 
Above interpretation primarily explained the potential roles of virtual embodiment; 
next, I examine the four attributes of presence illusions and their potential roles in 
changing pain and/or empathy. 
Sense of being in a Place. Cummings and Baileson (2016) suggested that VR 
environments provide users accurate spatial awareness within a confined play area. No 
matter which VR applications people experienced in the experimental studies reviewed 
in Subsection 3.2.1, the VR applications contained an environment, or a scene, that 
facilitated the illusion of being in a place. Although few studies have measured people’s 
sense of being in a place or its correlation with empathy changes explicitly, the virtual 
scene and its associated sense of being in a place are prerequisites for embodying an 
avatar and interacting with an environment to experience an empathetic perspective. 
The illusion of being in a place also establishes the realism of a narrative about a 
selected vulnerable group. For instance, Neyret et al. (2020) created an experiment 
group of male participants embodying female avatars in a virtual bar where they were 
harassed by a group of virtual male avatars. The researchers’ goal was to examine 
whether experiencing the perspective of a female victim who has been sexually 
harassed could impact participants’ action conformity under group pressure. Situating 
participants in a virtual bar put them in a place where sexual harassment frequently 
occurs and thus enhanced the narrative’s realism. 
Sense of embodiment. As discussed in Subsection 3.1.2 and Subsection 3.2.1, 
perspective taking is the primary underlying reason for people’s perspective taking ability 
toward vulnerable populations. Therefore, seeing a scene from the perspective of an 
avatar is a must-have component of a VR intervention. When people are put in the 
perspective of an avatar whose identity differs from their own, they feel embodiment and 
perceive themselves as owning and controlling the avatar. In the literature (Banakou et 




embodiment seems to be the most critical of the four illusions when it comes to altering 
people’s perceptions. For instance, when embodying a four-year-old avatar, adult 
participants overestimated the size of objects when compared to another group of adults 
who embodied in an adult avatar scaled to the same height as the child (Banakou et al., 
2013). In this example, the virtual scene and the physical interactions (study tasks) were 
the same in both conditions, but whether participants were embodied in a child or adult 
avatar led to a significant change in their visual perspectives. Similarly, Rosenberg et 
al.’s (2013) experimental group participants were more engaged in helping behaviors 
when embodied in a superhero with the power of flight than participants in a control 
group that flew as helicopter passengers. In studies that used embodied VR to reduce 
gender and racial bias (Banakou et al., 2016; Lopez et al., 2019; Maister et al., 2015; 
Peck et al., 2013), researchers found that people who embody different avatars (female 
or male and white or black) have significantly different biases toward women or black 
people. In short, changing a person’s virtual body may also change their mind. In this 
effect, the sense of embodiment has the potential of encouraging people’s behavioral 
and attitudinal changes, which can be explained by the underlying effect of perspective 
taking (Maister et al., 2015).  
Sense of physical interaction. Engagement with a virtual environment 
influences the VR experience (Schuemie et al., 2001). Some researchers have 
suggested that interactivity in VR leads to greater empathy levels. For instance, Nicovich 
et al. (2005) found that interactivity with the environment increases empathy and sense 
of presence. In another example (Hamilton-Giachritsis et al., 2018), researchers virtually 
embodied adult participants in a child’s avatar whose virtual mother interacted with them 
negatively or positively. They found that experiencing negative maternal behaviors 
increases empathy levels more than experiencing positive maternal behaviors. In that 
experiment, the illusions of an embodied avatar and virtual place were the same for both 
conditions, and the differences in interactivity significantly altered the empathy outcome. 
Although empathy can be elicited with 360-degree videos and no interactivity (Weinel et 
al., 2018), no researcher has examined how it differs in an interactive environment. So 
far, most interactions have been between participants’ avatars and other avatars that are 
parts of narrative plots; very few researchers have explored how interactions or 




interaction and its impact on empathy levels is an important yet underexplored field, 
particularly when it comes to interactions that involve another virtual avatar. 
Sense of social presence. The social presence illusion is similar to the sense of 
physical interaction in terms of its role in altering a person’s empathetic attitudes. As 
discussed above, most interactions documented in the literature were between an 
embodied avatar and other avatars, and participants felt that they were in the VR 
environment with another person. Empathy is a key construct in social relationships; 
therefore, social presence could be a critical factor in altering empathetic changes. In the 
example mentioned above (Hamilton-Giachritsis et al., 2018), social interactivity (e.g., 
positive versus negative) played an important role in facilitating empathy. As for social 
presence’s effects on pain, there is no direct evidence showing their relationships. 
To summarize, more evidence and studies are needed to validate this framework 
(Figure 7.1) and to better justify the potential impacts of four presence illusion factors on 
pain and empathy in future research. Further, although ownership and agency are both 
attributes of embodiment, few empathy and pain studies have measured them 
separately, nor has their correlation to empathy changes been explored. Therefore, 
future experiments manipulating ownership and agency are also necessary to enhance 
understandings of their roles in eliciting pain and empathy. 
7.5. Conclusions and Future Work 
7.5.1. Conclusions 
Embodiment is a construct through which we can understand how we see 
ourselves as people and how our minds interface with our bodies. VR is perfectly suited 
to the study of embodiment as a form of technology because its core offering is 
embodied simulations. This dissertation examined the effects of virtual embodiment on 
analgesia and empathy to resolve the BPS challenges of people living with chronic pain. 
The findings showed how altering embodied characteristics affects pain and empathy in 
various contexts.  
My first research trajectory involved studies with healthy people exposed to pain 
stimulus, CRPS patients, and PLP patients and revealed that pain etiology significantly 




associated with all participants’ SoO, but its correlation with pain was found in CRPS 
participants. Altering avatar motions did not have a significant effect on any participant’s 
experience. My second research trajectory proved that the narrative component is 
critical in sharing the experience of pain. Different approaches to visualizing long-term 
pain and short-term spikes successfully communicated the perspective of a pain patient, 
but changes in synchronized motions could break the embodied illusions. 
Finally, although the underlying mechanisms of using embodied VR for pain 
modulation and empathy generation require further exploration, this dissertation 
summarized the potential avatar features that affect pain and empathy, and proposed 
novel frameworks with design recommendations to inform future embodied VR 
environments, research questions, and study methods.  
7.5.2. Future Work 
Further research should be conducted to improve our understanding of the 
underlying mechanisms that cause different behavioral effects both during and after 
virtual embodiment. Below, I propose future research agendas based on my findings, 
and I have divided these into two categories: embodied VR applications for pain 
modulation and embodied VR applications for empathy generation. 
7.5.2.1. Embodied VR Applications for Pain Modulation  
Future researchers should recruit larger sample sizes to validate this 
dissertation’s findings, and they should include people with more types of chronic pain to 
better understand why pain etiology affects the correlations between virtual embodiment 
and pain. In addition to SoO, the manipulation of SoA should be carried out in varied 
ways (e.g., motion induced, touch induced, or visually induced), and its effect on pain 
should be examined to explore the underlying mechanism of how embodiment works to 
help users modulate pain. Further, future research should compare Hoffman et al.’s 
traditional pain distraction approach (Hoffman et al., 2001, 2007, 2011) to this 
dissertation’s embodiment approach to further understand the effectiveness of each as 
well as the situations that can optimize VR’s analgesic effects. 




Future studies should implement and test a multimodal feedback system to 
communicate pain through visual, audio, and tactile sensations. A controlled study in 
which participants experience AS IF in an experiment condition and another media (such 
as watching a video or reading a story about chronic pain patients’ challenges and life 
situations) in a control condition will better evaluate the potential value of embodied VR. 
Further, follow-up behavioral tests should be arranged in the post-study period to learn 
the potential long-term impacts that embodied experiences have on empathy. 
For both research trajectories, longitudinal experiments are required to validate 
the long-term effects of VR on analgesia and empathy generation. In addition to self-
reported ratings used to measure the explicit sense of embodiment, implicit embodiment 
should also be measured with behavioral tests to produce greater insights into how 
embodiment affects pain and empathy. Further, biofeedback, such as HRV, EEG, or 
GSR data, should be collected to assist in analyzing the perception changes of pain and 
empathy. In the end, all four types of illusions should be measured and collected to 
study the possible interrelationship between each other and how they affect perception 





Abdel-Aziz, S., & Ghaleb, A. H. (2014). Cervical spinal cord stimulation for the 
management of pain from brachial plexus avulsion. Pain Medicine (Malden, 
Mass.), 15(4), 712–714. https://doi.org/10.1111/pme.12313 
Ahn, S. J. (Grace), Bostick, J., Ogle, E., Nowak, K. L., McGillicuddy, K. T., & Bailenson, 
J. N. (2016). Experiencing Nature: Embodying Animals in Immersive Virtual 
Environments Increases Inclusion of Nature in Self and Involvement with Nature. 
Journal of Computer-Mediated Communication, 21(6), 399–419. 
https://doi.org/10.1111/jcc4.12173 
Ahn, S. J.-G., Le, A., & Bailenson, J. (2013). The Effect of Embodied Experiences on 
Self-Other Merging, Attitude, and Helping Behavior. Media Psychology, 16, 7–38. 
https://doi.org/10.1080/15213269.2012.755877 
Ambron, E., Miller, A., Kuchenbecker, K. J., Buxbaum, L. J., & Coslett, H. B. (2018). 
Immersive Low-Cost Virtual Reality Treatment for Phantom Limb Pain: Evidence 
from Two Cases. Frontiers in Neurology, 9, 67. 
https://doi.org/10.3389/fneur.2018.00067 
Amin, A. M., Tong, X., Gromala, D., & Shaw, C. D. (2017). Cardboard Mobile Virtual 
Reality As an Approach for Pain Distraction in Clinical Settings: Comparison, 
Exploration and Evaluation with Oculus Rift. Proceedings of the 2017 CHI 
Conference Extended Abstracts on Human Factors in Computing Systems, 
2345–2351. https://doi.org/10.1145/3027063.3053234 
AppliedVR. (2019). Retrieved November 27, 2019, from https://appliedvr.io/ 
Aron, A., Aron, E. N., & Smollan, D. (1992). Inclusion of Other in the Self Scale and the 
structure of interpersonal closeness. Journal of Personality and Social 




Aspell, J. E., Lenggenhager, B., & Blanke, O. (2009). Keeping in touch with one’s self: 
Multisensory mechanisms of self-consciousness. PloS One, 4(8), e6488. 
https://doi.org/10.1371/journal.pone.0006488 
Bachen, C., Hernández-Ramos, P., & Raphael, C. (2012). Simulating REAL LIVES: 
Promoting global empathy and interest in learning through simulation games. 
Communication. https://scholarcommons.scu.edu/comm/32 
Bailenson, J. (2018). Experience on Demand: What Virtual Reality Is, How It Works, and 
What It Can Do (1 edition). W. W. Norton & Company. 
Bailey, J. O., Bailenson, J. N., & Casasanto, D. (2016). When Does Virtual Embodiment 
Change Our Minds? Presence: Teleoperators and Virtual Environments, 25(3), 
222–233. https://doi.org/10.1162/PRES_a_00263 
Banakou, D., Beacco, A., Neyret, S., Blasco-Oliver, M., Seinfeld, S., & Slater, M. (2020). 
Virtual body ownership and its consequences for implicit racial bias are 
dependent on social context. Royal Society Open Science, 7(12). 
https://doi.org/10.1098/rsos.201848 
Banakou, D., Groten, R., & Slater, M. (2013). Illusory ownership of a virtual child body 
causes overestimation of object sizes and implicit attitude changes. Proceedings 
of the National Academy of Sciences, 110(31), 12846–12851. 
https://doi.org/10.1073/pnas.1306779110 
Banakou, D., Hanumanthu, P. D., & Slater, M. (2016). Virtual Embodiment of White 
People in a Black Virtual Body Leads to a Sustained Reduction in Their Implicit 
Racial Bias. Frontiers in Human Neuroscience, 10. 
https://doi.org/10.3389/fnhum.2016.00601 
Barbot, B., & Kaufman, J. C. (2020). What makes immersive virtual reality the ultimate 




Computers in Human Behavior, 111, 106431. 
https://doi.org/10.1016/j.chb.2020.106431 
Baron-Cohen, S., & Wheelwright, S. (2004). The empathy quotient: An investigation of 
adults with Asperger syndrome or high functioning autism, and normal sex 
differences. Journal of Autism and Developmental Disorders, 34(2), 163–175. 
https://doi.org/10.1023/b:jadd.0000022607.19833.00 
Batson, C. D., Fultz, J., & Schoenrade, P. A. (1987). Distress and Empathy: Two 
Qualitatively Distinct Vicarious Emotions with Different Motivational 
Consequences. Journal of Personality, 55(1), 19–39. 
https://doi.org/10.1111/j.1467-6494.1987.tb00426.x 
Bedder, R. L., Bush, D., Banakou, D., Peck, T., Slater, M., & Burgess, N. (2019). A 
mechanistic account of bodily resonance and implicit bias. Cognition, 184, 1–10. 
https://doi.org/10.1016/j.cognition.2018.11.010 
Behm-Morawitz, E., Pennell, H., & Speno, A. G. (2016). The effects of virtual racial 
embodiment in a gaming app on reducing prejudice. Communication 
Monographs, 83(3), 396–418. https://doi.org/10.1080/03637751.2015.1128556 
Belman, J. (2010). Designing Games to Foster Empathy. /paper/Designing-Games-to-
Foster-Empathy-Belman/8d48b3136fe4f0dcc686cd516474cb9b514f1d8f 
Bertrand, P., Guegan, J., Robieux, L., McCall, C. A., & Zenasni, F. (2018). Learning 
Empathy Through Virtual Reality: Multiple Strategies for Training Empathy-
Related Abilities Using Body Ownership Illusions in Embodied Virtual Reality. 
Frontiers in Robotics and AI, 5. https://doi.org/10.3389/frobt.2018.00026 
Bevan, C., Green, D. P., Farmer, H., Rose, M., Cater, K., Stanton Fraser, D., & Brown, 
H. (2019). Behind the Curtain of the “Ultimate Empathy Machine”: On the 




CHI Conference on Human Factors in Computing Systems, 1–12. 
https://doi.org/10.1145/3290605.3300736 
Bidarra, R., Gambon, D., Kooij, R., Nagel, D., Schutjes, M., & Tziouvara, I. (2013). 
Gaming at the dentist’s – serious game design for pain and discomfort 
distraction. In B. Schouten, S. Fedtke, T. Bekker, M. Schijven, & A. Gekker 
(Eds.), Games for Health (pp. 207–215). Springer Fachmedien Wiesbaden. 
http://link.springer.com/chapter/10.1007/978-3-658-02897-8_16 
Blakemore, S. J., Wolpert, D. M., & Frith, C. D. (2002). Abnormalities in the awareness 
of action. Trends in Cognitive Sciences, 6(6), 237–242. 
https://doi.org/10.1016/s1364-6613(02)01907-1 
Blakeslee, S., & Blakeslee, M. (2008). The Body Has a Mind of Its Own: How Body 
Maps in Your Brain Help You Do (Almost) Everything Better (Reprint edition). 
Random House Trade Paperbacks. 
Blanke, E. S., Rauers, A., & Riediger, M. (2016). Does being empathic pay off?—
Associations between performance-based measures of empathy and social 
adjustment in younger and older women. Emotion, 16(5), 671–683. 
https://doi.org/10.1037/emo0000166 
Blanke, O., & Metzinger, T. (2009). Full-body illusions and minimal phenomenal 
selfhood. Trends in Cognitive Sciences, 13(1), 7–13. 
https://doi.org/10.1016/j.tics.2008.10.003 
Bloom, P. (2016). Against Empathy: The Case for Rational Compassion. Ecco. 
Boas RA. (1996). Complex regional pain syndromes: Symptoms, signs and differential 
diagnosis. IASP Press, USA. 
Botvinick, M., & Cohen, J. (1998). Rubber hands ‘feel’ touch that eyes see. Nature, 




Bowering, K. J., O’Connell, N. E., Tabor, A., Catley, M. J., Leake, H. B., Moseley, G. L., 
& Stanton, T. R. (2013). The effects of graded motor imagery and its components 
on chronic pain: A systematic review and meta-analysis. The Journal of Pain: 
Official Journal of the American Pain Society, 14(1), 3–13. 
https://doi.org/10.1016/j.jpain.2012.09.007 
Brachial Plexus Injury. (2021). Retrieved April 26, 2021, from 
https://www.hopkinsmedicine.org/health/conditions-and-diseases/brachial-
plexus-injuries 
Braun, N., Debener, S., Spychala, N., Bongartz, E., Sörös, P., Müller, H. H. O., & 
Philipsen, A. (2018). The Senses of Agency and Ownership: A Review. Frontiers 
in Psychology, 9. https://doi.org/10.3389/fpsyg.2018.00535 
Breivik, H., Eisenberg, E., & O’Brien, T. (2013). The individual and societal burden of 
chronic pain in Europe: The case for strategic prioritisation and action to improve 
knowledge and availability of appropriate care. BMC Public Health, 13(1), 1229. 
https://doi.org/10.1186/1471-2458-13-1229 
Buchman, D. Z., & Ho, A. (2013). What’s trust got to do with it? Revisiting opioid 
contracts. Journal of Medical Ethics. https://doi.org/10.1136/medethics-2013-
101320 
Cameron, C. D., Hutcherson, C. A., Ferguson, A. M., Scheffer, J. A., Hadjiandreou, E., & 
Inzlicht, M. (2019). Empathy is hard work: People choose to avoid empathy 
because of its cognitive costs. Journal of Experimental Psychology: General, 
148(6), 962–976. https://doi.org/10.1037/xge0000595 
Cano, A. (2004). Pain catastrophizing and social support in married individuals with 





Caplan, S. E. (2003). Preference for Online Social Interaction: A Theory of Problematic 
Internet Use and Psychosocial Well-Being. Communication Research, 30(6), 
625–648. https://doi.org/10.1177/0093650203257842 
Carey, K., Saltz, E., Rosenbloom, J., Micheli, M., Choi, J. O., & Hammer, J. (2017). 
Toward Measuring Empathy in Virtual Reality. Extended Abstracts Publication of 
the Annual Symposium on Computer-Human Interaction in Play, 551–559. 
https://doi.org/10.1145/3130859.3131325 
Carlin, A. S., Hoffman, H. G., & Weghorst, S. (1997). Virtual reality and tactile 
augmentation in the treatment of spider phobia: A case report. Behaviour 
Research and Therapy, 35(2), 153–158. https://doi.org/10.1016/S0005-
7967(96)00085-X 
Carroll, J. M. (2003). Introduction: Toward a Multidisciplinary Science of Human-
Computer Interaction. HCI Models, Theories, and Frameworks: Toward a 
Multidisciplinary Science, 1–9. https://doi.org/10.1016/B978-155860808-5/50001-
0 
Casey, K. (1968). Sensory, Motivational, and Central Control Determinants of Pain (pp. 
423–439). 
Chan, B. L., Witt, R., Charrow, A. P., Magee, A., Howard, R., Pasquina, P. F., Heilman, 
K. M., & Tsao, J. W. (2007). Mirror therapy for phantom limb pain. The New 
England Journal of Medicine, 357(21), 2206–2207. 
https://doi.org/10.1056/NEJMc071927 
Chan, E., Hovenden, M., Ramage, E., Ling, N., Pham, J. H., Rahim, A., Lam, C., Liu, L., 
Foster, S., Sambell, R., Jeyachanthiran, K., Crock, C., Stock, A., Hopper, S. M., 
Cohen, S., Davidson, A., Plummer, K., Mills, E., Craig, S. S., … Leong, P. 




Clinical Trials. The Journal of Pediatrics, 209, 160-167.e4. 
https://doi.org/10.1016/j.jpeds.2019.02.034 
Chau, B., Phelan, I., Ta, P., Humbert, S., Hata, J., & Tran, D. (2017). Immersive Virtual 
Reality Therapy with Myoelectric Control for Treatment-resistant Phantom Limb 
Pain: Case Report. Innovations in Clinical Neuroscience, 14(7–8), 3–7. 
Chen, A., Hanna, J. J., Manohar, A., & Tobia, A. (2018). Teaching Empathy: The 
Implementation of a Video Game into a Psychiatry Clerkship Curriculum. 
Academic Psychiatry, 42(3), 362–365. https://doi.org/10.1007/s40596-017-0862-
6 
Choinière, M., Dion, D., Peng, P., Banner, R., Barton, P. M., Boulanger, A., Clark, A. J., 
Gordon, A. S., Guerriere, D. N., Guertin, M.-C., Intrater, H. M., Lefort, S. M., 
Lynch, M. E., Moulin, D. E., Ong-Lam, M., Racine, M., Rashiq, S., Shir, Y., 
Taenzer, P., & Ware, M. (2010). The Canadian STOP-PAIN project - Part 1: Who 
are the patients  on the waitlists of multidisciplinary pain treatment facilities? 
Canadian Journal of Anaesthesia = Journal Canadien D’anesthesie, 57(6), 539–
548. https://doi.org/10.1007/s12630-010-9305-5 
Choo, A. M. L. (2015). Virtual Reality Game Design for the Reduction of Chronic Pain 
Intensity in Clinical Settings [Thesis, Communication, Art & Technology:]. 
http://summit.sfu.ca/item/15695 
Christina, O. (2012). An exploratory study of student nurses’ empathy. Health Science 
Journal, 6(3). https://www.hsj.gr/abstract/an-exploratory-study-of-student-nurses-
empathy-3189.html 







Cleeland, C. S., & Ryan, K. M. (1994). Pain assessment: Global use of the Brief Pain 
Inventory. Annals of the Academy of Medicine, Singapore, 23(2), 129–138. 
Cole, J., Crowle, S., Austwick, G., & Slater, D. H. (2009). Exploratory findings with virtual 
reality for phantom limb pain; from stump motion to agency and analgesia. 
Disability and Rehabilitation, 31(10), 846–854. 
https://doi.org/10.1080/09638280802355197 
Collins, K. L., Russell, H. G., Schumacher, P. J., Robinson-Freeman, K. E., O’Conor, E. 
C., Gibney, K. D., Yambem, O., Dykes, R. W., Waters, R. S., & Tsao, J. W. 
(2018). A review of current theories and treatments for phantom limb pain. The 
Journal of Clinical Investigation, 128(6), 2168–2176. 
https://doi.org/10.1172/JCI94003 
“Complainers, malingerers and drug-seekers”—The stigma of living with chronic pain | 
CMAJ News. (2020). Retrieved December 16, 2020, from 
https://cmajnews.com/2018/01/30/complainers-malingerers-and-drug-
seekers-%c2%ac-the-stigma-of-living-with-chronic-pain-cmaj-109-5553/ 
Cosgray, R. E., Davidhizar, R. E., Grostefon, J. D., Powell, M., & Wringer, P. H. (1990). 
A day in the life of an inpatient: An experiential game to promote empathy for 
individuals in a psychiatric hospital. Archives of Psychiatric Nursing, 4(6), 354–
359. https://doi.org/10.1016/0883-9417(90)90025-G 
Costa, M. R., Kim, S. Y., & Biocca, F. (2013). Embodiment and Embodied Cognition. In 
R. Shumaker (Ed.), Virtual Augmented and Mixed Reality. Designing and 
Developing Augmented and Virtual Environments (pp. 333–342). Springer Berlin 
Heidelberg. 
Covarrubias Rodriguez, M., Aruanno, B., Bordegoni, M., Rossini, M., & Molteni, F. 
(2017). Immersive Virtual Reality System for Treatment of Phantom Limb Pain 




Coyle, D., McGlade, N., Doherty, G., & O’Reilly, G. (2011). Exploratory Evaluations of a 
Computer Game Supporting Cognitive Behavioural Therapy for Adolescents. 
Proceedings of the SIGCHI Conference on Human Factors in Computing 
Systems, 2937–2946. https://doi.org/10.1145/1978942.1979378 
Creswell, J. W., & Clark, V. L. P. (2011). Designing and Conducting Mixed Methods 
Research. SAGE Publications. 
Cruz-Neira, C., Sandin, D. J., DeFanti, T. A., Kenyon, R. V., & Hart, J. C. (1992). The 
CAVE: Audio Visual Experience Automatic Virtual Environment. Commun. ACM, 
35(6), 64–72. https://doi.org/10.1145/129888.129892 
Cuff, B. M. P., Brown, S. J., Taylor, L., & Howat, D. J. (2016). Empathy: A Review of the 
Concept. Emotion Review, 8(2), 144–153. 
https://doi.org/10.1177/1754073914558466 
Cummings, J., & Bailenson, J. (2015). How Immersive Is Enough? A Meta-Analysis of 
the Effect of Immersive Technology on User Presence. Media Psychology, 19, 1–
38. https://doi.org/10.1080/15213269.2015.1015740 
Dahlhamer, J. (2018). Prevalence of Chronic Pain and High-Impact Chronic Pain Among 
Adults—United States, 2016. MMWR. Morbidity and Mortality Weekly Report, 67. 
https://doi.org/10.15585/mmwr.mm6736a2 
Das, D. A., Grimmer, K. A., Sparnon, A. L., McRae, S. E., & Thomas, B. H. (2005). The 
efficacy of playing a virtual reality game in modulating pain for children with acute 
burn injuries: A randomized controlled trial [ISRCTN87413556]. BMC Pediatrics, 
5(1), 1. https://doi.org/10.1186/1471-2431-5-1 
David, N., Newen, A., & Vogeley, K. (2008). The “sense of agency” and its underlying 
cognitive and neural mechanisms. Consciousness and Cognition: An 





Davidow, S. (2018, December 26). Voice Hearing SImulations and Why They Should Be 
Banned. Mad In America. https://www.madinamerica.com/2018/12/voice-hearing-
simulations-should-be-banned/ 
Davis, M. H. (2006). Empathy. In J. E. Stets & J. H. Turner (Eds.), Handbook of the 
Sociology of Emotions (pp. 443–466). Springer US. https://doi.org/10.1007/978-
0-387-30715-2_20 
de Jong, J. R., Keizer, A., Engel, M. M., & Dijkerman, H. C. (2017). Does affective touch 
influence the virtual reality full body illusion? Experimental Brain Research, 
235(6), 1781–1791. https://doi.org/10.1007/s00221-017-4912-9 
De Ruddere, L., & Craig, K. D. (2016). Understanding stigma and chronic pain: A-state-
of-the-art review. PAIN, 157(8), 1607. 
https://doi.org/10.1097/j.pain.0000000000000512 
de Waal, F. B. M. (2008). Putting the altruism back into altruism: The evolution of 
empathy. Annual Review of Psychology, 59, 279–300. 
https://doi.org/10.1146/annurev.psych.59.103006.093625 
Decety, J., & Jackson, P. L. (2016). The Functional Architecture of Human Empathy: 
Behavioral and Cognitive Neuroscience Reviews. 
https://doi.org/10.1177/1534582304267187 
Definition of AVATAR. (2021). Retrieved April 26, 2021, from https://www.merriam-
webster.com/dictionary/avatar 
Definition of Standard of care. (2020). MedicineNet. Retrieved April 23, 2020, from 
https://www.medicinenet.com/script/main/art.asp?articlekey=33263 
Deladisma, A. M., Cohen, M., Stevens, A., Wagner, P., Lok, B., Bernard, T., Oxendine, 
C., Schumacher, L., Johnsen, K., Dickerson, R., Raij, A., Wells, R., Duerson, M., 




to a virtual patient? The American Journal of Surgery, 193(6), 756–760. 
https://doi.org/10.1016/j.amjsurg.2007.01.021 
Delinsky, S. S., & Wilson, G. T. (2006). Mirror exposure for the treatment of body image 
disturbance. International Journal of Eating Disorders, 39(2), 108–116. 
https://doi.org/10.1002/eat.20207 
Diers, M., Christmann, C., Koeppe, C., Ruf, M., & Flor, H. (2010). Mirrored, imagined 
and executed movements differentially activate sensorimotor cortex in amputees 
with and without phantom limb pain. Pain, 149(2), 296–304. 
https://doi.org/10.1016/j.pain.2010.02.020 
Drigas, A., & Papoutsi, C. (2016). Games for Empathy for Sensitive Social Groups. 
International Journal of Recent Contributions from Engineering, Science & IT 
(IJES), 4(3), 39–43. 
Dubin, R. E., Kaplan, A., Graves, L., & Ng, V. K. (2017). Acknowledging stigma. 
Canadian Family Physician, 63(12), 906–908. 
Dueñas, M., Ojeda, B., Salazar, A., Mico, J. A., & Failde, I. (2016). A review of chronic 
pain impact on patients, their social environment and the health care system. 
Journal of Pain Research, 9, 457–467. https://doi.org/10.2147/JPR.S105892 
Dunn, J., Yeo, E., Moghaddampour, P., Chau, B., & Humbert, S. (2017). Virtual and 
augmented reality in the treatment of phantom limb pain: A literature review. 
NeuroRehabilitation, 40(4), 595–601. https://doi.org/10.3233/NRE-171447 
Dyer, E., Swartzlander, B. J., & Gugliucci, M. R. (2018). Using virtual reality in medical 
education to teach empathy. Journal of the Medical Library Association : JMLA, 
106(4), 498–500. https://doi.org/10.5195/jmla.2018.518 
Ehde, D. M., Czerniecki, J. M., Smith, D. G., Campbell, K. M., Edwards, W. T., Jensen, 




residual limb pain, and other regional pain after lower limb amputation. Archives 
of Physical Medicine and Rehabilitation, 81(8), 1039–1044. 
Ehrsson, H. H., Geyer, S., & Naito, E. (2003). Imagery of voluntary movement of fingers, 
toes, and tongue activates corresponding body-part-specific motor 
representations. Journal of Neurophysiology, 90(5), 3304–3316. 
https://doi.org/10.1152/jn.01113.2002 
Ehrsson, H. H., Holmes, N. P., & Passingham, R. E. (2005). Touching a rubber hand: 
Feeling of body ownership is associated with activity in multisensory brain areas. 
The Journal of Neuroscience : The Official Journal of the Society for 
Neuroscience, 25(45), 10564–10573. https://doi.org/10.1523/JNEUROSCI.0800-
05.2005 
Ehrsson, H. H., Wiech, K., Weiskopf, N., Dolan, R. J., & Passingham, R. E. (2007). 
Threatening a rubber hand that you feel is yours elicits a cortical anxiety 
response. Proceedings of the National Academy of Sciences of the United States 
of America, 104(23), 9828–9833. https://doi.org/10.1073/pnas.0610011104 
Elizabeth Ann Pommier. (2011). The compassion scale. Dissertation Abstracts 
International Section A: Humanities and Social Sciences, 72, 1174. http://self-
compassion.org/wp-content/uploads/2015/02/POMMIER-DISSERTATION-
compassion.pdf 
Elliot, A. J., Maier, M. A., Moller, A. C., Friedman, R., & Meinhardt, J. (2007). Color and 
psychological functioning: The effect of red on performance attainment. Journal 
of Experimental Psychology: General, 136(1), 154–168. 
https://doi.org/10.1037/0096-3445.136.1.154 
Empathy Belly | Birthways, Inc. (2020). Pregnancy-Simulator. Retrieved December 6, 




EQ-5D-5L – EQ-5D. (2020). Retrieved February 20, 2020, from https://euroqol.org/eq-
5d-instruments/eq-5d-5l-about/ 
Eriksen, J., Sjøgren, P., Bruera, E., Ekholm, O., & Rasmussen, N. K. (2006). Critical 
issues on opioids in chronic non-cancer pain: An epidemiological study. Pain, 
125(1–2), 172–179. https://doi.org/10.1016/j.pain.2006.06.009 
Falconer, C. J., Slater, M., Rovira, A., King, J. A., Gilbert, P., Antley, A., & Brewin, C. R. 
(2014). Embodying Compassion: A Virtual Reality Paradigm for Overcoming 
Excessive Self-Criticism. PLOS ONE, 9(11), e111933. 
https://doi.org/10.1371/journal.pone.0111933 
Fang, W., Zhang, R., Zhao, Y., Wang, L., & Zhou, Y.-D. (2019). Attenuation of Pain 
Perception Induced by the Rubber Hand Illusion. Frontiers in Neuroscience, 13. 
https://doi.org/10.3389/fnins.2019.00261 
Final IK - Asset Store. (2019). Retrieved May 23, 2019, from 
https://assetstore.unity.com/packages/tools/animation/final-ik-14290 
Finn, S. B., Perry, B. N., Clasing, J. E., Walters, L. S., Jarzombek, S. L., Curran, S., 
Rouhanian, M., Keszler, M. S., Hussey-Andersen, L. K., Weeks, S. R., Pasquina, 
P. F., & Tsao, J. W. (2017). A Randomized, Controlled Trial of Mirror Therapy for 
Upper Extremity Phantom Limb Pain in Male Amputees. Frontiers in Neurology, 
8, 267. https://doi.org/10.3389/fneur.2017.00267 
Firsthand Technology – Firsthand Web Site. (2020). Retrieved February 18, 2020, from 
https://firsthand.com/ 
Flor, H., Denke, C., Schaefer, M., & Grüsser, S. (2001). Effect of sensory discrimination 
training on cortical reorganisation and phantom limb pain. Lancet (London, 





Flor, H., Elbert, T., Knecht, S., Wienbruch, C., Pantev, C., Birbaumer, N., Larbig, W., & 
Taub, E. (1995). Phantom-limb pain as a perceptual correlate of cortical 
reorganization following arm amputation. Nature, 375(6531), 482–484. 
https://doi.org/10.1038/375482a0 
Flor, Herta, Nikolajsen, L., & Staehelin Jensen, T. (2006). Phantom limb pain: A case of 
maladaptive CNS plasticity? Nature Reviews. Neuroscience, 7(11), 873–881. 
https://doi.org/10.1038/nrn1991 
Foell, J., Bekrater‐Bodmann, R., Diers, M., & Flor, H. (2014). Mirror therapy for phantom 
limb pain: Brain changes and the role of body representation. European Journal 
of Pain, 18(5), 729–739. https://doi.org/10.1002/j.1532-2149.2013.00433.x 
Franck, N., Farrer, C., Georgieff, N., Marie-Cardine, M., Daléry, J., d’Amato, T., & 
Jeannerod, M. (2001). Defective recognition of one’s own actions in patients with 
schizophrenia. The American Journal of Psychiatry, 158(3), 454–459. 
https://doi.org/10.1176/appi.ajp.158.3.454 
Friston, K., & Kiebel, S. (2009). Predictive coding under the free-energy principle. 
Philosophical Transactions of the Royal Society B: Biological Sciences, 
364(1521), 1211–1221. https://doi.org/10.1098/rstb.2008.0300 
Gallagher, S. (2000). Philosophical conceptions of the self: Implications for cognitive 
science. Trends in Cognitive Sciences, 4(1), 14–21. 
https://doi.org/10.1016/s1364-6613(99)01417-5 
Gallagher, S., & Marcel, A. J. (1999). The self in contextualized action. Journal of 
Consciousness Studies, 6(4), 4–30. 
Gallagher, Shaun. (1986). Body Image and Body Schema: A Conceptual Clarification. 




Gallese, V., & Sinigaglia, C. (2011). What is so special about embodied simulation? 
Trends in Cognitive Sciences, 15(11), 512–519. 
https://doi.org/10.1016/j.tics.2011.09.003 
Garra, G., Singer, A. J., Taira, B. R., Chohan, J., Cardoz, H., Chisena, E., & Thode, H. 
C. (2010). Validation of the Wong-Baker FACES Pain Rating Scale in Pediatric 
Emergency Department Patients. Academic Emergency Medicine, 17(1), 50–54. 
https://doi.org/10.1111/j.1553-2712.2009.00620.x 
Garrett, B., Taverner, T., Masinde, W., Gromala, D., Shaw, C., & Negraeff, M. (2014). A 
rapid evidence assessment of immersive virtual reality as an adjunct therapy in 
acute pain management in clinical practice. The Clinical Journal of Pain, 30(12), 
1089–1098. https://doi.org/10.1097/AJP.0000000000000064 
Gatchel, R. J. (2004). Comorbidity of chronic pain and mental health disorders: The 
biopsychosocial perspective. The American Psychologist, 59(8), 795–805. 
https://doi.org/10.1037/0003-066X.59.8.795 
Gatchel, R. J. (2005). Clinical essentials of pain management. American Psychological 
Association. https://doi.org/10.1037/10856-000 
Gatchel, R. J., Peng, Y. B., Peters, M. L., Fuchs, P. N., & Turk, D. C. (2007). The 
biopsychosocial approach to chronic pain: Scientific advances and future 
directions. Psychological Bulletin, 133(4), 581–624. https://doi.org/10.1037/0033-
2909.133.4.581 
Gerhard, M., Moore, D., & Hobbs, D. (2004). Embodiment and copresence in 
collaborative interfaces. International Journal of Human-Computer Studies, 61(4), 
453–480. https://doi.org/10.1016/j.ijhcs.2003.12.014 
Gerry, L. J. (2017). Paint with Me: Stimulating Creativity and Empathy While Painting 




Computer Graphics, 23(4), 1418–1426. 
https://doi.org/10.1109/TVCG.2017.2657239 
Gershon, J., Zimand, E., Lemos, R., Rothbaum, B. O., & Hodges, L. (2003). Use of 
virtual reality as a distractor for painful procedures in a patient with pediatric 
cancer: A case study. Cyberpsychology & Behavior: The Impact of the Internet, 
Multimedia and Virtual Reality on Behavior and Society, 6(6), 657–661. 
https://doi.org/10.1089/109493103322725450 
Gilpin, H. R., Bellan, V., Gallace, A., & Moseley, G. L. (2014). Exploring the roles of body 
ownership, vision and virtual reality on heat pain threshold. European Journal of 
Pain (London, England), 18(7), 900–901. https://doi.org/10.1002/j.1532-
2149.2014.483.x 
Gilpin, Helen R., Moseley, G. L., Stanton, T. R., & Newport, R. (2015). Evidence for 
distorted mental representation of the hand in osteoarthritis. Rheumatology 
(Oxford, England), 54(4), 678–682. https://doi.org/10.1093/rheumatology/keu367 
Giraux, P., & Sirigu, A. (2003). Illusory movements of the paralyzed limb restore motor 
cortex activity. NeuroImage, 20 Suppl 1, S107-111. 
https://doi.org/10.1016/j.neuroimage.2003.09.024 
Giummarra, M. J., & Moseley, G. L. (2011). Phantom limb pain and bodily awareness: 
Current concepts and future directions. Current Opinion in Anaesthesiology, 
24(5), 524–531. https://doi.org/10.1097/ACO.0b013e32834a105f 
Glover, G. H. (2011). Overview of Functional Magnetic Resonance Imaging. 
Neurosurgery Clinics of North America, 22(2), 133–139. 
https://doi.org/10.1016/j.nec.2010.11.001 





Gold, J. I., Belmont, K. A., & Thomas, D. A. (2007). The neurobiology of virtual reality 
pain attenuation. Cyberpsychology & Behavior: The Impact of the Internet, 
Multimedia and Virtual Reality on Behavior and Society, 10(4), 536–544. 
https://doi.org/10.1089/cpb.2007.9993 
Gold, J. I., Kant, A. J., Kim, S. H., & Rizzo, A. “Skip.” (2005). Virtual anesthesia: The use 
of virtual reality for pain distraction during acute medical interventions. Seminars 
in Anesthesia, Perioperative Medicine and Pain, 24(4), 203–210. 
https://doi.org/10.1053/j.sane.2005.10.005 
Gold, J. I., Kim, S. H., Kant, A. J., Joseph, M. H., & Rizzo, A. S. (2006). Effectiveness of 
virtual reality for pediatric pain distraction during i.v. Placement. Cyberpsychology 
& Behavior: The Impact of the Internet, Multimedia and Virtual Reality on 
Behavior and Society, 9(2), 207–212. https://doi.org/10.1089/cpb.2006.9.207 
Gold, J. I., & Mahrer, N. E. (2018). Is Virtual Reality Ready for Prime Time in the Medical 
Space? A Randomized Control Trial of Pediatric Virtual Reality for Acute 
Procedural Pain Management. Journal of Pediatric Psychology, 43(3), 266–275. 
https://doi.org/10.1093/jpepsy/jsx129 
Google Cardboard – Google VR. (2017). Retrieved January 11, 2017, from 
https://vr.google.com/cardboard/ 
Graded Motor Imagery. (2020). Retrieved December 19, 2020, from 
http://www.gradedmotorimagery.com/ 
Grau, O. (2002). Virtual Art: From Illusion to Immersion. MIT Press. 
Greitemeyer, T., Osswald, S., & Brauer, M. (2010). Playing prosocial video games 
increases empathy and decreases schadenfreude. Emotion (Washington, D.C.), 
10(6), 796–802. https://doi.org/10.1037/a0020194 
Gromala, D., Tong, X., Choo, A., Karamnejad, M., & Shaw, C. D. (2015a). The Virtual 




Proceedings of the 33rd Annual ACM Conference on Human Factors in 
Computing Systems, 521–524. https://doi.org/10.1145/2702123.2702344 
Gromala, D., Tong, X., Shaw, C., Amin, A., Ulas, S., & Ramsay, G. (2016). Mobius Floe: 
An Immersive Virtual Reality Game for Pain Distraction. Electronic Imaging, 
2016(4), 1–5. https://doi.org/10.2352/ISSN.2470-1173.2016.4.ERVR-413 
Gutierrez-Maldonado, J., Gutierrez-Martinez, O., & Cabas-Hoyos, K. (2011). Interactive 
and passive virtual reality distraction: Effects on presence and pain intensity. 
Studies in Health Technology and Informatics, 167, 69–73. 
Gutierrez-Martinez, O., Gutierrez-Maldonado, J., Cabas-Hoyos, K., & Loreto, D. (2010). 
The illusion of presence influences VR distraction: Effects on cold-pressor pain. 
Studies in Health Technology and Informatics, 154, 155–159. 
Haggard, P., & Chambon, V. (2012). Sense of agency. Current Biology: CB, 22(10), 
R390-392. https://doi.org/10.1016/j.cub.2012.02.040 
Haggard, P., Iannetti, G. D., & Longo, M. R. (2013). Spatial sensory organization and 
body representation in pain perception. Current Biology: CB, 23(4), R164-176. 
https://doi.org/10.1016/j.cub.2013.01.047 
Halan, S., Sia, I., Crary, M., & Lok, B. (2015). Exploring the Effects of Healthcare 
Students Creating Virtual Patients for Empathy Training. In W.-P. Brinkman, J. 
Broekens, & D. Heylen (Eds.), Intelligent Virtual Agents (pp. 239–249). Springer 
International Publishing. https://doi.org/10.1007/978-3-319-21996-7_24 
Halim, A. J., Foster, A. E., Ayala, L., & Musser, E. D. (2019). The Physiological Nature of 
Caring: Understanding Nonverbal Behavior. In A. E. Foster & Z. S. Yaseen 
(Eds.), Teaching Empathy in Healthcare: Building a New Core Competency (pp. 





Hamilton-Giachritsis, C., Banakou, D., Garcia Quiroga, M., Giachritsis, C., & Slater, M. 
(2018). Reducing risk and improving maternal perspective-taking and empathy 
using virtual embodiment. Scientific Reports, 8(1), 2975. 
https://doi.org/10.1038/s41598-018-21036-2 
Hänsel, A., Lenggenhager, B., von Känel, R., Curatolo, M., & Blanke, O. (2011). Seeing 
and identifying with a virtual body decreases pain perception. European Journal 
of Pain (London, England), 15(8), 874–879. 
https://doi.org/10.1016/j.ejpain.2011.03.013 
Hawker, G. A., Mian, S., Kendzerska, T., & French, M. (2011). Measures of adult pain: 
Visual Analog Scale for Pain (VAS Pain), Numeric Rating Scale for Pain (NRS 
Pain), McGill Pain Questionnaire (MPQ), Short-Form McGill Pain Questionnaire 
(SF-MPQ), Chronic Pain Grade Scale (CPGS), Short Form-36 Bodily Pain Scale 
(SF-36 BPS), and Measure of Intermittent and Constant Osteoarthritis Pain 
(ICOAP). Arthritis Care & Research, 63(S11), S240–S252. 
https://doi.org/10.1002/acr.20543 
Hebl, J. R. (2007). Chapter 13—Peripheral Nerve Injury. In J. M. Neal & J. P. Rathmell 
(Eds.), Complications in Regional Anesthesia & Pain Medicine (pp. 125–140). 
W.B. Saunders. https://doi.org/10.1016/B978-1-4160-2392-0.50017-0 
Heckman, J., Hartman, E., Meredith, L., & Eftychiou, J. (2013). A Novel Augmented 
Reality Treatment Option for Phantom Limb Pain: A Case Report. 
https://doi.org/10.1016/j.pmrj.2013.08.042 
Henriksen, B., Nielsen, R., Kraus, M., & Geng, B. (2018). Comparison of Movements in 
a Virtual Reality Mirror Box Therapy for Treatment of Lower Limb Phantom Pain. 
VISIGRAPP. https://doi.org/10.5220/0006537801670174 
Henriksen, B., Nielsen, R., Kraus, M., & Geng, B. (2017). A Virtual Reality System for 




Proceedings of the Virtual Reality International Conference - Laval Virtual 2017, 
13:1-13:4. https://doi.org/10.1145/3110292.3110306 
Henriksen, B., Nielsen, R., Szabo, L., Evers, N., Kraus, M., & Geng, B. (2016). An 
Affordable Virtual Reality System for Treatment of Phantom Limb Pain. 
Proceedings of the 2016 Virtual Reality International Conference, 23:1-23:4. 
https://doi.org/10.1145/2927929.2927932 
Herrera, F., Bailenson, J., Weisz, E., Ogle, E., & Zaki, J. (2018). Building long-term 
empathy: A large-scale comparison of traditional and virtual reality perspective-
taking. PLOS ONE, 13(10), e0204494. 
https://doi.org/10.1371/journal.pone.0204494 
Hoffman, H. G., Doctor, J. N., Patterson, D. R., Carrougher, G. J., & Furness, T. A. 
(2000). Virtual reality as an adjunctive pain control during burn wound care in 
adolescent patients. Pain, 85(1–2), 305–309. https://doi.org/10.1016/s0304-
3959(99)00275-4 
Hoffman, H. G., Garcia-Palacios, A., Patterson, D. R., Jensen, M., Furness, T., & 
Ammons, W. F. (2001a). The effectiveness of virtual reality for dental pain 
control: A case study. Cyberpsychology & Behavior: The Impact of the Internet, 
Multimedia and Virtual Reality on Behavior and Society, 4(4), 527–535. 
Hoffman, H G, Patterson, D. R., Carrougher, G. J., & Sharar, S. R. (2001b). 
Effectiveness of virtual reality-based pain control with multiple treatments. The 
Clinical Journal of Pain, 17(3), 229–235. 
Hoffman, Hunter G., Chambers, G. T., Meyer, W. J., Arceneaux, L. L., Russell, W. J., 
Seibel, E. J., Richards, T. L., Sharar, S. R., & Patterson, D. R. (2011). Virtual 
reality as an adjunctive non-pharmacologic analgesic for acute burn pain during 




of Behavioral Medicine, 41(2), 183–191. https://doi.org/10.1007/s12160-010-
9248-7 
Hoffman, Hunter G., Patterson, D. R., Carrougher, G. J., Nakamura, D., Moore, M., 
Garcia-Palacios, A., & Furness III, T. A. (2001c). The effectiveness of virtual 
reality pain control with multiple treatments of longer durations: A case study. 
International Journal of Human-Computer Interaction, 13(1), 1–12. 
https://doi.org/10.1207/S15327590IJHC1301_1 
Hoffman, Hunter G, Patterson, D. R., Seibel, E., Soltani, M., Jewett-Leahy, L., & Sharar, 
S. R. (2008). Virtual reality pain control during burn wound debridement in the 
hydrotank. The Clinical Journal of Pain, 24(4), 299–304. 
https://doi.org/10.1097/AJP.0b013e318164d2cc 
Hoffman, Hunter G., Richards, T., Coda, B., Richards, A., & Sharar, S. R. (2003). The 
illusion of presence in immersive virtual reality during an fMRI brain scan. 
Cyberpsychology & Behavior: The Impact of the Internet, Multimedia and Virtual 
Reality on Behavior and Society, 6(2), 127–131. 
https://doi.org/10.1089/109493103321640310 
Hoffman, Hunter G., Richards, T. L., Coda, B., Bills, A. R., Blough, D., Richards, A. L., & 
Sharar, S. R. (2004). Modulation of thermal pain-related brain activity with virtual 
reality: Evidence from fMRI. Neuroreport, 15(8), 1245–1248. 
https://doi.org/10.1097/01.wnr.0000127826.73576.91 
Hoffman, Hunter G., Richards, T. L., Van Oostrom, T., Coda, B. A., Jensen, M. P., 
Blough, D. K., & Sharar, S. R. (2007). The Analgesic Effects of Opioids and 
Immersive Virtual Reality Distraction: Evidence from Subjective and Functional 





Hoffman, Hunter G., Sharar, S. R., Coda, B., Everett, J. J., Ciol, M., Richards, T., & 
Patterson, D. R. (2004). Manipulating presence influences the magnitude of 
virtual reality analgesia. Pain, 111(1–2), 162–168. 
https://doi.org/10.1016/j.pain.2004.06.013 
Hohwy, J., & Paton, B. (2010). Explaining Away the Body: Experiences of Supernaturally 
Caused Touch and Touch on Non-Hand Objects within the Rubber Hand Illusion. 
PLOS ONE, 5(2), e9416. https://doi.org/10.1371/journal.pone.0009416 
Hua, Y., Qiu, R., Yao, W.-Y., Zhang, Q., & Chen, X.-L. (2015). The Effect of Virtual 
Reality Distraction on Pain Relief During Dressing Changes in Children with 
Chronic Wounds on Lower Limbs. Pain Management Nursing: Official Journal of 
the American Society of Pain Management Nurses, 16(5), 685–691. 
https://doi.org/10.1016/j.pmn.2015.03.001 
Hunter G. Hoffman, J. N. D., David R. Patterson, G. J. C., & Thomas A. Furness. (2000). 
Virtual Reality as an adjunctive pain control during burn wound care in 
adolescent patients [burn pain, virtual reality, presence, analgesia, distraction, 
attention]. IASP, 1(2), 305–309. 
IASP Terminology—IASP. (2019). Retrieved August 31, 2019, from https://www.iasp-
pain.org/Education/Content.aspx?ItemNumber=1698#Pain 
IJsselsteijn, W. A., Y. A.W. Kort, D., & Haans, A. (2005). Is this my hand I see before 
me? : The rubber hand illusion in reality, virtual reality, and mixed reality. 
PRESENCE 2005: The 8th Annual International Workshop on Presence, 21-23 
September 2005, London, 41–47. https://research.tue.nl/en/publications/is-this-
my-hand-i-see-before-me-the-rubber-hand-illusion-in-reali-2 
IJsselsteijn, W., de Kort, Y., Midden, C., Eggen, B., & van den Hoven, E. (2006). 




IJsselsteijn, Y. A. W. de Kort, C. Midden, B. Eggen, & E. van den Hoven (Eds.), 
Persuasive Technology (pp. 1–5). Springer. https://doi.org/10.1007/11755494_1 
InMind VR on Steam. (2016). Retrieved February 10, 2020, from 
https://store.steampowered.com/app/343740/InMind_VR/ 
Jansen, K. A. K., Chelsie Smyth, Kate L. (2020). Exploring the Effects of Violent Video 
Games on Healthcare Trainees—Karlie A. Krause, Chelsie Smyth, Kate L. 
Jansen, 2020. Simulation & Gaming. 
http://journals.sagepub.com/doi/full/10.1177/1046878120932298 
Jaron Lanier. (2020). In Wikipedia. 
https://en.wikipedia.org/w/index.php?title=Jaron_Lanier&oldid=992989264 
Jennifer Nikolov. (2016). Labyrinth Psychotica. Retrieved September 19, 2016, from 
http://www.labyrinthpsychotica.org/Labyrinth_Psychotica/Home.html 
Jerald, J. (2016). The VR Book: Human-Centered Design for Virtual Reality. Association 
for Computing Machinery and Morgan & Claypool. 
Jin, W., Choo, A., Gromala, D., Shaw, C., & Squire, P. (2016). A Virtual Reality Game for 
Chronic Pain Management: A Randomized, Controlled Clinical Study. Studies in 
Health Technology and Informatics, 220, 154–160. 
Johnson, S., Hall, J., Barnett, S., Draper, M., Derbyshire, G., Haynes, L., Rooney, C., 
Cameron, H., Moseley, G. l., de C. Williams, A. c., McCabe, C., & Goebel, A. 
(2012). Using graded motor imagery for complex regional pain syndrome in 
clinical practice: Failure to improve pain. European Journal of Pain, 16(4), 550–
561. https://doi.org/10.1002/j.1532-2149.2011.00064.x 
Jolliffe, D., & Farrington, D. P. (2006). Development and validation of the Basic Empathy 





Jütten, L. H., Mark, R. E., & Sitskoorn, M. M. (2018). Can the Mixed Virtual Reality 
Simulator Into D’mentia Enhance Empathy and Understanding and Decrease 
Burden in Informal Dementia Caregivers? Dementia and Geriatric Cognitive 
Disorders Extra, 8(3), 453–466. https://doi.org/10.1159/000494660 
Kanayama, N., Sato, A., & Ohira, H. (2009). The role of gamma band oscillations and 
synchrony on rubber hand illusion and crossmodal integration. Brain and 
Cognition, 69(1), 19–29. https://doi.org/10.1016/j.bandc.2008.05.001 
Karl, A., Diers, M., & Flor, H. (2004). P300-amplitudes in upper limb amputees with and 
without phantom limb pain in a visual oddball paradigm. Pain, 110(1), 40–48. 
https://doi.org/10.1016/j.pain.2004.03.003 
Karuna | Virtual Embodiment Training for Chronic Pain Patients. (2020). Retrieved April 
8, 2020, from https://karunalabs.com/ 
Käthner, I., Bader, T., & Pauli, P. (2019). Heat pain modulation with virtual water during 
a virtual hand illusion. Scientific Reports, 9(1), 1–12. 
https://doi.org/10.1038/s41598-019-55407-0 
Kazley, A. S., Hamidi, B., Balliet, W., & Baliga, P. (2016). Social Media Use Among 
Living Kidney Donors and Recipients: Survey on Current Practice and Potential. 
Journal of Medical Internet Research, 18(12). https://doi.org/10.2196/jmir.6176 
Kendall, J. M. (2003). Designing a research project: Randomised controlled trials and 
their principles. Emergency Medicine Journal, 20(2), 164–168. 
https://doi.org/10.1136/emj.20.2.164 
Kenworthy, N. J. (2019). Crowdfunding and global health disparities: An exploratory 





Kiersma, M. E., Chen, A. M. H., Yehle, K. S., & Plake, K. S. (2013). Validation of an 
Empathy Scale in Pharmacy and Nursing Students. American Journal of 
Pharmaceutical Education, 77(5). https://doi.org/10.5688/ajpe77594 
Kikkert, S., Johansen-Berg, H., Tracey, I., & Makin, T. R. (2018). Reaffirming the link 
between chronic phantom limb pain and maintained missing hand representation. 
Cortex, 106, 174–184. https://doi.org/10.1016/j.cortex.2018.05.013 
Kilteni, K., Groten, R., & Slater, M. (2012). The Sense of Embodiment in Virtual Reality. 
Presence, 21(4), 373–387. https://doi.org/10.1162/PRES_a_00124 
Kim, S. Y., & Kim, Y. Y. (2012). Mirror Therapy for Phantom Limb Pain. The Korean 
Journal of Pain, 25(4), 272–274. https://doi.org/10.3344/kjp.2012.25.4.272 
Kirsh, D. (2013). Embodied Cognition and the Magical Future of Interaction Design. 
ACM Trans. Comput.-Hum. Interact., 20(1), 3:1-3:30. 
https://doi.org/10.1145/2442106.2442109 
Kober, S. E., Kurzmann, J., & Neuper, C. (2012). Cortical correlate of spatial presence in 
2D and 3D interactive virtual reality: An EEG study. International Journal of 
Psychophysiology, 83(3), 365–374. 
https://doi.org/10.1016/j.ijpsycho.2011.12.003 
Kong, G., He, K., & Wei, K. (2017). Sensorimotor experience in virtual reality enhances 
sense of agency associated with an avatar. Consciousness and Cognition, 52, 
115–124. https://doi.org/10.1016/j.concog.2017.04.018 
Konrath, S. H., O’Brien, E. H., & Hsing, C. (2011). Changes in Dispositional Empathy in 
American College Students Over Time: A Meta-Analysis. Personality and Social 
Psychology Review, 15(2), 180–198. https://doi.org/10.1177/1088868310377395 
Kors, M. J. L., Ferri, G., van der Spek, E. D., Ketel, C., & Schouten, B. A. M. (2016). A 




Game. Proceedings of the 2016 Annual Symposium on Computer-Human 
Interaction in Play, 91–104. https://doi.org/10.1145/2967934.2968110 
Kral, T. R. A., Stodola, D. E., Birn, R. M., Mumford, J. A., Solis, E., Flook, L., Patsenko, 
E. G., Anderson, C. G., Steinkuehler, C., & Davidson, R. J. (2018). Neural 
correlates of video game empathy training in adolescents: A randomized trial. Npj 
Science of Learning, 3(1), 1–10. https://doi.org/10.1038/s41539-018-0029-6 
Lemmings (video game). (2019). In Wikipedia. 
https://en.wikipedia.org/w/index.php?title=Lemmings_(video_game)&oldid=91438
0596 
Lenggenhager, B., Arnold, C. A., & Giummarra, M. J. (2014). Phantom limbs: Pain, 
embodiment, and scientific advances in integrative therapies. Wiley 
Interdisciplinary Reviews: Cognitive Science, 5(2), 221–231. 
https://doi.org/10.1002/wcs.1277 
Lenggenhager, B., Mouthon, M., & Blanke, O. (2009). Spatial aspects of bodily self-
consciousness. Consciousness and Cognition, 18(1), 110–117. 
https://doi.org/10.1016/j.concog.2008.11.003 
Levett-Jones, T., Lapkin, S., Govind, N., Pich, J., Hoffman, K., Jeong, S. Y.-S., Norton, 
C. A., Noble, D., Maclellan, L., Robinson-Reilly, M., & Everson, N. (2017). 
Measuring the impact of a “point of view” disability simulation on nursing 
students’ empathy using the Comprehensive State Empathy Scale. Nurse 
Education Today, 59, 75–81. https://doi.org/10.1016/j.nedt.2017.09.007 
Li, A., Montaño, Z., Chen, V. J., & Gold, J. I. (2011). Virtual reality and pain 





Li, A., Montano, Z., Chen, V. J., & Gold, J. I. (2011). Virtual reality and pain 
management: Current trends and future directions. Pain Management, 1(2), 147–
157. https://doi.org/10.2217/pmt.10.15 
Limakatso, K., Bedwell, G. J., Madden, V. J., & Parker, R. (2019). The prevalence of 
phantom limb pain and associated risk factors in people with amputations: A 
systematic review protocol. Systematic Reviews, 8(1), 17. 
https://doi.org/10.1186/s13643-018-0938-8 
Lindsay, S., Brittain, K., Jackson, D., Ladha, C., Ladha, K., & Olivier, P. (2012). 
Empathy, participatory design and people with dementia. Proceedings of the 
SIGCHI Conference on Human Factors in Computing Systems, 521–530. 
https://doi.org/10.1145/2207676.2207749 
Link, B. G., & Phelan, J. C. (2001). Conceptualizing Stigma. Annual Review of 
Sociology, 27(1), 363–385. https://doi.org/10.1146/annurev.soc.27.1.363 
Lobel, A., Gotsis, M., Reynolds, E., Annetta, M., Engels, R. C. M. E., & Granic, I. (2016). 
Designing and Utilizing Biofeedback Games for Emotion Regulation: The Case of 
Nevermind. Proceedings of the 2016 CHI Conference Extended Abstracts on 
Human Factors in Computing Systems, 1945–1951. 
https://doi.org/10.1145/2851581.2892521 
Longo, M. R., Betti, V., Aglioti, S. M., & Haggard, P. (2009). Visually Induced Analgesia: 
Seeing the Body Reduces Pain. Journal of Neuroscience, 29(39), 12125–12130. 
https://doi.org/10.1523/JNEUROSCI.3072-09.2009 
Longo, M. R., Iannetti, G. D., Mancini, F., Driver, J., & Haggard, P. (2012). Linking Pain 
and the Body: Neural Correlates of Visually Induced Analgesia. The Journal of 





Longo, M. R., Schüür, F., Kammers, M. P. M., Tsakiris, M., & Haggard, P. (2008). What 
is embodiment? A psychometric approach. Cognition, 107(3), 978–998. 
https://doi.org/10.1016/j.cognition.2007.12.004 
Loon, A. van, Bailenson, J., Zaki, J., Bostick, J., & Willer, R. (2018). Virtual reality 
perspective-taking increases cognitive empathy for specific others. PLOS ONE, 
13(8), e0202442. https://doi.org/10.1371/journal.pone.0202442 
Lopez, S., Yang, Y., Beltran, K., Kim, S. J., Cruz Hernandez, J., Simran, C., Yang, B., & 
Yuksel, B. F. (2019). Investigating Implicit Gender Bias and Embodiment of 
White Males in Virtual Reality with Full Body Visuomotor Synchrony. Proceedings 
of the 2019 CHI Conference on Human Factors in Computing Systems  - 
CHI ’19, 1–12. https://doi.org/10.1145/3290605.3300787 
Lotze, M., & Moseley, G. L. (2007). Role of distorted body image in pain. Current 
Rheumatology Reports, 9(6), 488–496. 
Lyu, Y., Guo, X., Bekrater-Bodmann, R., Flor, H., & Tong, S. (2016). Phantom limb 
perception interferes with motor imagery after unilateral upper-limb amputation. 
Scientific Reports, 6. https://doi.org/10.1038/srep21100 
Ma, K., & Hommel, B. (2015). The role of agency for perceived ownership in the virtual 
hand illusion. Consciousness and Cognition, 36, 277–288. 
https://doi.org/10.1016/j.concog.2015.07.008 
Mahrer, N. E., & Gold, J. I. (2009). The use of virtual reality for pain control: A review. 
Current Pain and Headache Reports, 13(2), 100–109. 
Maister, L., Slater, M., Sanchez-Vives, M. V., & Tsakiris, M. (2015). Changing bodies 
changes minds: Owning another body affects social cognition. Trends in 
Cognitive Sciences, 19(1), 6–12. https://doi.org/10.1016/j.tics.2014.11.001 
Makin, T. R., Scholz, J., Filippini, N., Henderson Slater, D., Tracey, I., & Johansen-Berg, 




the former hand area. Nature Communications, 4, 1570. 
https://doi.org/10.1038/ncomms2571 
Makin, T. R., Scholz, J., Henderson Slater, D., Johansen-Berg, H., & Tracey, I. (2015). 
Reassessing cortical reorganization in the primary sensorimotor cortex following 
arm amputation. Brain, 138(8), 2140–2146. https://doi.org/10.1093/brain/awv161 
Mallari, B., Spaeth, E. K., Goh, H., & Boyd, B. S. (2019). Virtual reality as an analgesic 
for acute and chronic pain in adults: A systematic review and meta-analysis. 
Journal of Pain Research, 12, 2053–2085. https://doi.org/10.2147/JPR.S200498 
Malloy, K. M., & Milling, L. S. (2010). The effectiveness of virtual reality distraction for 
pain reduction: A systematic review. Clinical Psychology Review, 30(8), 1011–
1018. https://doi.org/10.1016/j.cpr.2010.07.001 
Mancini, F., Longo, M. R., Kammers, M. P. M., & Haggard, P. (2011). Visual distortion of 
body size modulates pain perception. Psychological Science, 22(3), 325–330. 
https://doi.org/10.1177/0956797611398496 
Marks, S., Estevez, J. E., & Connor, A. M. (2014). Towards the Holodeck: Fully 
Immersive Virtual Reality Visualisation of Scientific and Engineering Data. 
IVCNZ ’14. https://doi.org/10.1145/2683405.2683424 
Martini, M., Perez-Marcos, D., & Sanchez-Vives, M. V. (2014). Modulation of pain 
threshold by virtual body ownership. European Journal of Pain (London, 
England), 18(7), 1040–1048. https://doi.org/10.1002/j.1532-2149.2014.00451.x 
Martini, Matteo. (2016). Real, rubber or virtual: The vision of “one’s own” body as a 
means for pain modulation. A narrative review. Consciousness and Cognition, 
43, 143–151. https://doi.org/10.1016/j.concog.2016.06.005 
Martini, Matteo, Kilteni, K., Maselli, A., & Sanchez-Vives, M. V. (2015). The body fades 




pain threshold and body ownership. Scientific Reports, 5, 13948. 
https://doi.org/10.1038/srep13948 
Martini, Matteo, Perez-Marcos, D., & Sanchez-Vives, M. V. (2013). What Color is My 
Arm? Changes in Skin Color of an Embodied Virtual Arm Modulates Pain 
Threshold. Frontiers in Human Neuroscience, 7, 438. 
https://doi.org/10.3389/fnhum.2013.00438 
Matamala-Gomez, M., Diaz Gonzalez, A. M., Slater, M., & Sanchez-Vives, M. V. (2018). 
Decreasing Pain Ratings in Chronic Arm Pain Through Changing a Virtual Body: 
Different Strategies for Different Pain Types. The Journal of Pain: Official Journal 
of the American Pain Society. https://doi.org/10.1016/j.jpain.2018.12.001 
Matamala-Gomez, M., Diaz Gonzalez, A. M., Slater, M., & Sanchez-Vives, M. V. 
(2019a). Decreasing Pain Ratings in Chronic Arm Pain Through Changing a 
Virtual Body: Different Strategies for Different Pain Types. The Journal of Pain: 
Official Journal of the American Pain Society, 20(6), 685–697. 
https://doi.org/10.1016/j.jpain.2018.12.001 
Matamala-Gomez, M., Donegan, T., Bottiroli, S., Sandrini, G., Sanchez-Vives, M. V., & 
Tassorelli, C. (2019b). Immersive Virtual Reality and Virtual Embodiment for Pain 
Relief. Frontiers in Human Neuroscience, 13. 
https://doi.org/10.3389/fnhum.2019.00279 
Matamala-Gomez, M., Nierula, B., Donegan, T., Slater, M., & Sanchez-Vives, M. V. 
(2020). Manipulating the Perceived Shape and Color of a Virtual Limb Can 
Modulate Pain Responses. Journal of Clinical Medicine, 9(2), 291. 
https://doi.org/10.3390/jcm9020291 
McCahon, S., Strong, J., Sharry, R., & Cramond, T. (2005). Self-report and pain 





McCall, C., Steinbeis, N., Ricard, M., & Singer, T. (2014). Compassion meditators show 
less anger, less punishment, and more compensation of victims in response to 
fairness violations. Frontiers in Behavioral Neuroscience, 8. 
https://doi.org/10.3389/fnbeh.2014.00424 
McSherry, T., Atterbury, M., Gartner, S., Helmold, E., Searles, D. M., & Schulman, C. 
(2018). Randomized, Crossover Study of Immersive Virtual Reality to Decrease 
Opioid Use During Painful Wound Care Procedures in Adults. Journal of Burn 
Care & Research: Official Publication of the American Burn Association, 39(2), 
278–285. https://doi.org/10.1097/BCR.0000000000000589 
Melzack, R. (1987). The short-form McGill Pain Questionnaire. Pain, 30(2), 191–197. 
https://doi.org/10.1016/0304-3959(87)91074-8 
Melzack, R. (1999). From the gate to the neuromatrix. Pain, Suppl 6, S121-126. 
Melzack, R., & Wall, P. D. (1965). Pain mechanisms: A new theory. Science (New York, 
N.Y.), 150(3699), 971–979. 
Melzack, Ronald. (1975). The McGill Pain Questionnaire: Major properties and scoring 
methods. PAIN, 1(3), 277–299. https://doi.org/10.1016/0304-3959(75)90044-5 
Mercier, C., Reilly, K. T., Vargas, C. D., Aballea, A., & Sirigu, A. (2006). Mapping 
phantom movement representations in the motor cortex of amputees. Brain: A 
Journal of Neurology, 129(Pt 8), 2202–2210. https://doi.org/10.1093/brain/awl180 
Milk, C. (2020). Transcript of “How virtual reality can create the ultimate empathy 
machine.” Retrieved November 11, 2020, from 
https://www.ted.com/talks/chris_milk_how_virtual_reality_can_create_the_ultimat
e_empathy_machine/transcript 
Moayedi, M., & Davis, K. D. (2012). Theories of pain: From specificity to gate control. 




Mohan, R., Jensen, K. B., Petkova, V. I., Dey, A., Barnsley, N., Ingvar, M., McAuley, J. 
H., Moseley, G. L., & Ehrsson, H. H. (2012). No Pain Relief with the Rubber 
Hand Illusion. PLOS ONE, 7(12), e52400. 
https://doi.org/10.1371/journal.pone.0052400 
Moore, J. W. (2016). What Is the Sense of Agency and Why Does it Matter? Frontiers in 
Psychology, 7. https://doi.org/10.3389/fpsyg.2016.01272 
Morse, J. M., & Mitcham, C. (1997). Compathy: The contagion of physical distress. 
Journal of Advanced Nursing, 26(4), 649–657. https://doi.org/10.1046/j.1365-
2648.1997.00360.x 
Morse, J. M., Mitcham, C., & van Der Steen, W. J. (1998). Compathy or Physical 
Empathy: Implications for the Caregiver Relationship. Journal of Medical 
Humanities, 19(1), 51–65. https://doi.org/10.1023/A:1024988002129 
Moseley, G. L. (2004). Why do people with complex regional pain syndrome take longer 
to recognize their affected hand? Neurology, 62(12), 2182–2186. 
https://doi.org/10.1212/01.wnl.0000130156.05828.43 
Moseley, G. L. (2005). Distorted body image in complex regional pain syndrome. 
Neurology, 65(5), 773. https://doi.org/10.1212/01.wnl.0000174515.07205.11 
Moseley, G. L. (2006). Graded motor imagery for pathologic pain A randomized 
controlled trial. Neurology, 67(12), 2129–2134. 
https://doi.org/10.1212/01.wnl.0000249112.56935.32 
Moseley, G. L. (2008). I can’t find it! Distorted body image and tactile dysfunction in 
patients with chronic back pain. Pain, 140(1), 239–243. 
https://doi.org/10.1016/j.pain.2008.08.001 
Moseley, G. L., Gallace, A., & Spence, C. (2012). Bodily illusions in health and disease: 




matrix.” Neuroscience and Biobehavioral Reviews, 36(1), 34–46. 
https://doi.org/10.1016/j.neubiorev.2011.03.013 
Moseley, G. L., Parsons, T. J., & Spence, C. (2008). Visual distortion of a limb 
modulates the pain and swelling evoked by movement. Current Biology: CB, 
18(22), R1047-1048. https://doi.org/10.1016/j.cub.2008.09.031 
Moseley, G. L., Zalucki, N., Birklein, F., Marinus, J., van Hilten, J. J., & Luomajoki, H. 
(2008). Thinking about movement hurts: The effect of motor imagery on pain and 
swelling in people with chronic arm pain. Arthritis and Rheumatism, 59(5), 623–
631. https://doi.org/10.1002/art.23580 
Mouraux, D., Brassinne, E., Sobczak, S., Nonclercq, A., Warzée, N., Sizer, P. S., Tuna, 
T., & Penelle, B. (2017). 3D augmented reality mirror visual feedback therapy 
applied to the treatment of persistent, unilateral upper extremity neuropathic pain: 
A preliminary study. The Journal of Manual & Manipulative Therapy, 25(3), 137–
143. https://doi.org/10.1080/10669817.2016.1176726 
Moyers, T. B., Houck, J., Rice, S. L., Longabaugh, R., & Miller, W. R. (2016). Therapist 
Empathy, Combined Behavioral Intervention and Alcohol Outcomes in the 
COMBINE Research Project. Journal of Consulting and Clinical Psychology, 
84(3), 221–229. https://doi.org/10.1037/ccp0000074 
Mühlberger, A., Wieser, M. J., Kenntner-Mabiala, R., Pauli, P., & Wiederhold, B. K. 
(2007). Pain modulation during drives through cold and hot virtual environments. 
Cyberpsychology & Behavior: The Impact of the Internet, Multimedia and Virtual 
Reality on Behavior and Society, 10(4), 516–522. 
https://doi.org/10.1089/cpb.2007.9996 
Muñoz, J., Gonçalves, A., Vieira, T., Cró, D., Chisik, Y., & Bermúdez i Badia, S. (2016). 




Empathy In Teenagers: A Feasibility Study. 
https://doi.org/10.5220/0005948400880097 
Murray, C. D., Pettifer, S., Howard, T., Patchick, E. L., Caillette, F., Kulkarni, J., & 
Bamford, C. (2007). The treatment of phantom limb pain using immersive virtual 
reality: Three case studies. Disability and Rehabilitation, 29(18), 1465–1469. 
https://doi.org/10.1080/09638280601107385 
Nagai, Y., Jones, C. I., & Sen, A. (2019). Galvanic Skin Response 
(GSR)/Electrodermal/Skin Conductance Biofeedback on Epilepsy: A Systematic 
Review and Meta-Analysis. Frontiers in Neurology, 10. 
https://doi.org/10.3389/fneur.2019.00377 
Nakamura, L. (2020). Feeling good about feeling bad: Virtuous virtual reality and the 
automation of racial empathy. Journal of Visual Culture, 19(1), 47–64. 
https://doi.org/10.1177/1470412920906259 
News, A. B. C. (2020). Three Pregnant Dads: Meet the Men Wearing “Empathy Bellies.” 
ABC News. Retrieved December 6, 2020, from 
https://abcnews.go.com/Lifestyle/pregnant-dads-meet-men-wearing-empathy-
bellies/story?id=29164480 
Neyret, S., Navarro, X., Beacco, A., Oliva, R., Bourdin, P., Valenzuela, J., Barberia, I., & 
Slater, M. (2020). An Embodied Perspective as a Victim of Sexual Harassment in 
Virtual Reality Reduces Action Conformity in a Later Milgram Obedience 
Scenario. Scientific Reports, 10(1), 1–18. https://doi.org/10.1038/s41598-020-
62932-w 
Ng, J., Lo, H., Tong, X., Gromala, D., & Jin, W. (2018, January 28). Farmooo, a Virtual 
Reality Farm Simulation Game Designed for Cancer Pediatric Patients to Distract 






Nicholas, M. K. (2007). The pain self-efficacy questionnaire: Taking pain into account. 
European Journal of Pain, 11(2), 153–163. 
https://doi.org/10.1016/j.ejpain.2005.12.008 
Nicholas, M. K., McGuire, B. E., & Asghari, A. (2015). A 2-Item Short Form of the Pain 
Self-Efficacy Questionnaire: Development and Psychometric Evaluation of 
PSEQ-2. The Journal of Pain, 16(2), 153–163. 
https://doi.org/10.1016/j.jpain.2014.11.002 
Nicovich, S. G., Boller, G. W., & Cornwell, T. B. (2005). Experienced Presence within 
Computer-Mediated Communications: Initial Explorations on the Effects of 
Gender with Respect to Empathy and Immersion. Journal of Computer-Mediated 
Communication, 10(2), 00–00. https://doi.org/10.1111/j.1083-
6101.2005.tb00243.x 
Nienhuis, J. B., Owen, J., Valentine, J. C., Black, S. W., Halford, T. C., Parazak, S. E., 
Budge, S., & Hilsenroth, M. (2018). Therapeutic alliance, empathy, and 
genuineness in individual adult psychotherapy: A meta-analytic review. 
Psychotherapy Research, 28(4), 593–605. 
https://doi.org/10.1080/10503307.2016.1204023 
Nikolajsen, L. (2012). Postamputation pain: Studies on mechanisms. Danish Medical 
Journal, 59(10), B4527. 
Nikolajsen, L., Finnerup, N. B., Kramp, S., Vimtrup, A.-S., Keller, J., & Jensen, T. S. 
(2006). A randomized study of the effects of gabapentin on postamputation pain. 
Anesthesiology, 105(5), 1008–1015. 
Nishigami, T., Wand, B. M., Newport, R., Ratcliffe, N., Themelis, K., Moen, D., Jones, C., 




back in people with chronic low back pain. A pilot proof-of-concept study. 
Musculoskeletal Science & Practice, 39, 178–183. 
https://doi.org/10.1016/j.msksp.2018.07.002 
Nov 03, K. R. · C. N. · P., November 3, 2019 4:00 AM ET | Last Updated:, & 2019. 
(2019, November 3). “Opioidphobia” stigmatizes chronic pain sufferers, expert 
says | CBC News. CBC. https://www.cbc.ca/news/health/pain-chronic-stigma-
pills-opioids-health-addiction-epidemic-1.5344367 
Nowak, K. L., & Biocca, F. (2003). The Effect of the Agency and Anthropomorphism on 
Users’ Sense of Telepresence, Copresence, and Social Presence in Virtual 
Environments. Presence: Teleoperators and Virtual Environments, 12(5), 481–
494. https://doi.org/10.1162/105474603322761289 
Numeric Rating Scale—An overview | ScienceDirect Topics. (2020). Retrieved April 23, 
2020, from https://www-sciencedirect-com.proxy.lib.sfu.ca/topics/medicine-and-
dentistry/numeric-rating-scale 
Ogle, J., Bushnell, J., & Caputi, P. (2013). Empathy is related to clinical competence in 
medical care. Faculty of Social Sciences - Papers (Archive), 824–831. 
https://doi.org/10.1111/medu.12232 
Oh, C. S., Bailenson, J. N., & Welch, G. F. (2018). A Systematic Review of Social 
Presence: Definition, Antecedents, and Implications. Frontiers in Robotics and 
AI, 5. https://doi.org/10.3389/frobt.2018.00114 
Olivier, L., Sterkenburg, P., & van Rensburg, E. (2019). The effect of a serious game on 
empathy and prejudice of psychology students towards persons with disabilities. 
African Journal of Disability, 8. https://doi.org/10.4102/ajod.v8i0.328 
Oneal, B. J., Patterson, D. R., Soltani, M., Teeley, A., & Jensen, M. P. (2008). Virtual 




The International Journal of Clinical and Experimental Hypnosis, 56(4), 451–462. 
https://doi.org/10.1080/00207140802255534 
Orr, F. R. (2017). I know how it feels: A voice-hearing simulation to enhance nursing 
students’ empathy and self-efficacy [Thesis]. 
https://opus.lib.uts.edu.au/handle/10453/123180 
Ortiz-Catalan, M., Guðmundsdóttir, R. A., Kristoffersen, M. B., Zepeda-Echavarria, A., 
Caine-Winterberger, K., Kulbacka-Ortiz, K., Widehammar, C., Eriksson, K., 
Stockselius, A., Ragnö, C., Pihlar, Z., Burger, H., & Hermansson, L. (2016). 
Phantom motor execution facilitated by machine learning and augmented reality 
as treatment for phantom limb pain: A single group, clinical trial in patients with 
chronic intractable phantom limb pain. Lancet (London, England), 388(10062), 
2885–2894. https://doi.org/10.1016/S0140-6736(16)31598-7 
Ortiz-Catalan, M., Sander, N., Kristoffersen, M. B., Håkansson, B., & Brånemark, R. 
(2014). Treatment of phantom limb pain (PLP) based on augmented reality and 
gaming controlled by myoelectric pattern recognition: A case study of a chronic 
PLP patient. Frontiers in Neuroscience, 8. 
https://doi.org/10.3389/fnins.2014.00024 
Osimo, S. A., Pizarro, R., Spanlang, B., & Slater, M. (2015). Conversations between self 
and self as Sigmund Freud—A virtual body ownership paradigm for self 
counselling. Scientific Reports, 5, 13899. https://doi.org/10.1038/srep13899 
Osumi, M., Ichinose, A., Sumitani, M., Wake, N., Sano, Y., Yozu, A., Kumagaya, S., 
Kuniyoshi, Y., & Morioka, S. (2017). Restoring movement representation and 
alleviating phantom limb pain through short-term neurorehabilitation with a virtual 





Osumi, Michihiro, Imai, R., Ueta, K., Nobusako, S., & Morioka, S. (2014). Negative Body 
Image Associated with Changes in the Visual Body Appearance Increases Pain 
Perception. PLOS ONE, 9(9), e107376. 
https://doi.org/10.1371/journal.pone.0107376 
Osumi, Michihiro, Inomata, K., Inoue, Y., Otake, Y., Morioka, S., & Sumitani, M. (2018). 
Characteristics of Phantom Limb Pain Alleviated with Virtual Reality 
Rehabilitation. Pain Medicine (Malden, Mass.). 
https://doi.org/10.1093/pm/pny269 
Osumi, Michihiro, Sumitani, M., Wake, N., Sano, Y., Ichinose, A., Kumagaya, S.-I., 
Kuniyoshi, Y., & Morioka, S. (2015). Structured movement representations of a 
phantom limb associated with phantom limb pain. Neuroscience Letters, 605, 7–
11. https://doi.org/10.1016/j.neulet.2015.08.009 
Parsons, S. (2015). Learning to work together: Designing a multi-user virtual reality 
game for social collaboration and perspective-taking for children with autism. 
International Journal of Child-Computer Interaction, 6, 28–38. 
https://doi.org/10.1016/j.ijcci.2015.12.002 
Peck, T. C., Seinfeld, S., Aglioti, S. M., & Slater, M. (2013). Putting yourself in the skin of 
a black avatar reduces implicit racial bias. Consciousness and Cognition, 22(3), 
779–787. https://doi.org/10.1016/j.concog.2013.04.016 
PEDro scale (English). (2020). PEDro. Retrieved January 17, 2020, from 
https://www.pedro.org.au/english/downloads/pedro-scale/ 
Perry, B. N., Alphonso, A. L., Tsao, J., Pasquina, P. F., Armiger, R. S., & Moran, C. W. 
(2013). A Virtual Integrated Environment for phantom limb pain treatment and 
Modular Prosthetic Limb training. 2013 International Conference on Virtual 




Perry, B. N., Armiger, R. S., Wolde, M., McFarland, K. A., Alphonso, A. L., Monson, B. 
T., Pasquina, P. F., & Tsao, J. W. (2018). Clinical Trial of the Virtual Integration 
Environment to Treat Phantom Limb Pain With Upper Extremity Amputation. 
Frontiers in Neurology, 9. https://doi.org/10.3389/fneur.2018.00770 
Persson, I., & Savulescu, J. (2018). The Moral Importance of Reflective Empathy. 
Neuroethics, 11(2), 183–193. https://doi.org/10.1007/s12152-017-9350-7 
Petkova, V. I., & Ehrsson, H. H. (2008). If I Were You: Perceptual Illusion of Body 
Swapping. PLOS ONE, 3(12), e3832. 
https://doi.org/10.1371/journal.pone.0003832 
Pezzin, L. E., Dillingham, T. R., & MacKenzie, E. J. (2000). Rehabilitation and the long-
term outcomes of persons with trauma-related amputations. Archives of Physical 
Medicine and Rehabilitation, 81(3), 292–300. 
Phillips, S. P., & Clarke, M. (2012). More than an education: The hidden curriculum, 
professional attitudes and career choice. Medical Education, 46(9), 887–893. 
https://doi.org/10.1111/j.1365-2923.2012.04316.x 
Platt, F. W., & Piatt, C. M. (2011). Empathy: A miracle or nothing at all? Journal of 
Clinical Outcomes Management, 18, 27–33. 
Plutchik, ROBERT. (1980). Chapter 1—A GENERAL PSYCHOEVOLUTIONARY 
THEORY OF EMOTION. In Robert Plutchik & H. Kellerman (Eds.), Theories of 
Emotion (pp. 3–33). Academic Press. https://doi.org/10.1016/B978-0-12-558701-
3.50007-7 
Polito, V., Barnier, A. J., & Woody, E. Z. (2013). Developing the Sense of Agency Rating 
Scale (SOARS): An empirical measure of agency disruption in hypnosis. 





Pommier, E., Neff, K. D., & Tóth-Király, I. (2020). The Development and Validation of the 
Compassion Scale. Assessment, 27(1), 21–39. 
https://doi.org/10.1177/1073191119874108 
Press, C., Heyes, C., Haggard, P., & Eimer, M. (2008). Visuotactile learning and body 
representation: An ERP study with rubber hands and rubber objects. Journal of 
Cognitive Neuroscience, 20(2), 312–323. 
https://doi.org/10.1162/jocn.2008.20022 
Preston, S. D., & de Waal, F. B. M. (2002). Empathy: Its ultimate and proximate bases. 
Behavioral and Brain Sciences, 25(1), 1–20. 
https://doi.org/10.1017/S0140525X02000018 
Quality of life. (2020). In Wikipedia. 
https://en.wikipedia.org/w/index.php?title=Quality_of_life&oldid=949149732 
Raffin, E., Giraux, P., & Reilly, K. T. (2012). The moving phantom: Motor execution or 
motor imagery? Cortex, 48(6), 746–757. 
https://doi.org/10.1016/j.cortex.2011.02.003 
Ramachandran, V. S., & Altschuler, E. L. (2009a). The use of visual feedback, in 
particular mirror visual feedback, in restoring brain function. Brain: A Journal of 
Neurology, 132(Pt 7), 1693–1710. https://doi.org/10.1093/brain/awp135 
Ramachandran, V. S., Brang, D., & McGeoch, P. D. (2009b). Size reduction using Mirror 
Visual Feedback (MVF) reduces phantom pain. Neurocase, 15(5), 357–360. 
https://doi.org/10.1080/13554790903081767 
Ramachandran, V. S., & Rogers-Ramachandran, D. (1996). Synaesthesia in phantom 
limbs induced with mirrors. Proceedings. Biological Sciences / The Royal 
Society, 263(1369), 377–386. https://doi.org/10.1098/rspb.1996.0058 
Ramachandran, V. S., Rogers-Ramachandran, D., & Cobb, S. (1995). Touching the 




Read, H. (2019). A typology of empathy and its many moral forms. Philosophy 
Compass, 14(10), e12623. https://doi.org/10.1111/phc3.12623 
Reed, J. (2017). The Experience of Mental Health Practitioners With Computer Games 
Designed to Induce Empathy. College of Science and Health Theses and 
Dissertations. https://via.library.depaul.edu/csh_etd/204 
Reniers, R., Corcoran, R., Drake, R., Shryane, N., & Völlm, B. (2011). The QCAE: A 
Questionnaire of Cognitive and Affective Empathy. Journal of Personality 
Assessment, 93, 84–95. https://doi.org/10.1080/00223891.2010.528484 
Riva, G., Bacchetta, M., Baruffi, M., Rinaldi, S., & Molinari, E. (1999). Virtual reality 
based experiential cognitive treatment of anorexia nervosa. Journal of Behavior 
Therapy and Experimental Psychiatry, 30(3), 221–230. 
Riva, Giuseppe, Gutiérrez-Maldonado, J., & Wiederhold, B. K. (2016). Virtual Worlds 
versus Real Body: Virtual Reality Meets Eating and Weight Disorders. 
Cyberpsychology, Behavior and Social Networking, 19(2), 63–66. 
https://doi.org/10.1089/cyber.2016.29025.gri 
Riva, Giuseppe, Wiederhold, B. K., & Mantovani, F. (2018). Neuroscience of Virtual 
Reality: From Virtual Exposure to Embodied Medicine. Cyberpsychology, 
Behavior, and Social Networking, 22(1), 82–96. 
https://doi.org/10.1089/cyber.2017.29099.gri 
Rohde, M., Di Luca, M., & Ernst, M. O. (2011). The Rubber Hand Illusion: Feeling of 
Ownership and Proprioceptive Drift Do Not Go Hand in Hand. PLoS ONE, 6(6). 
https://doi.org/10.1371/journal.pone.0021659 
Romano, D., Llobera, J., & Blanke, O. (2016). Size and Viewpoint of an Embodied 





Rosen, L. D. (2012). iDisorder: Understanding our obsession with technology and 
overcoming its hold on us (pp. x, 246). Palgrave Macmillan. 
Rosenberg, R. S., Baughman, S. L., & Bailenson, J. N. (2013). Virtual Superheroes: 
Using Superpowers in Virtual Reality to Encourage Prosocial Behavior. PLoS 
ONE, 8(1), e55003–e55003. 
Rothgangel, A., Braun, S., Winkens, B., Beurskens, A., & Smeets, R. (2018). Traditional 
and augmented reality mirror therapy for patients with chronic phantom limb pain 
(PACT study): Results of a three-group, multicentre single-blind randomized 
controlled trial. Clinical Rehabilitation, 32(12), 1591–1608. 
https://doi.org/10.1177/0269215518785948 
Rusch, D. C. (2012). “Elude”: Designing Depression. Proceedings of the International 
Conference on the Foundations of Digital Games, 254–257. 
https://doi.org/10.1145/2282338.2282389 
Russell, H. G., & Tsao, J. W. (2018). Phantom Sensations Following Brachial Plexus 
Nerve Block: A Case Report. Frontiers in Neurology, 9. 
https://doi.org/10.3389/fneur.2018.00436 
Sanchez-Vives, M. V., Spanlang, B., Frisoli, A., Bergamasco, M., & Slater, M. (2010). 
Virtual Hand Illusion Induced by Visuomotor Correlations. PLoS ONE, 5(4), 
e10381. https://doi.org/10.1371/journal.pone.0010381 
Sano, Y., Ichinose, A., Wake, N., Osumi, M., Sumitani, M., Kumagaya, S.-I., & 
Kuniyoshi, Y. (2015). Reliability of phantom pain relief in neurorehabilitation using 
a multimodal virtual reality system. Conference Proceedings: ... Annual 
International Conference of the IEEE Engineering in Medicine and Biology 
Society. IEEE Engineering in Medicine and Biology Society. Annual Conference, 




Sano, Y., Wake, N., Ichinose, A., Osumi, M., Oya, R., Sumitani, M., Kumagaya, S., & 
Kuniyoshi, Y. (2016). Tactile feedback for relief of deafferentation pain using 
virtual reality system: A pilot study. Journal of NeuroEngineering and 
Rehabilitation, 13. https://doi.org/10.1186/s12984-016-0161-6 
Sato, A., & Yasuda, A. (2005). Illusion of sense of self-agency: Discrepancy between the 
predicted and actual sensory consequences of actions modulates the sense of 
self-agency, but not the sense of self-ownership. Cognition, 94(3), 241–255. 
https://doi.org/10.1016/j.cognition.2004.04.003 
Schäfer, G., Prkachin, K. M., Kaseweter, K. A., & Williams, A. C. de C. (2016). Health 
care providers’ judgments in chronic pain: The influence of gender and 
trustworthiness. PAIN, 157(8), 1618. 
https://doi.org/10.1097/j.pain.0000000000000536 
Schneider, S. M., Prince-Paul, M., Allen, M. J., Silverman, P., & Talaba, D. (2004). 
Virtual reality as a distraction intervention for women receiving chemotherapy. 
Oncology Nursing Forum, 31(1), 81–88. https://doi.org/10.1188/04.ONF.81-88 
Schoeller, F., Bertrand, P., Gerry, L. J., Jain, A., Horowitz, A. H., & Zenasni, F. (2019). 
Combining Virtual Reality and Biofeedback to Foster Empathic Abilities in 
Humans. Frontiers in Psychology, 9. https://doi.org/10.3389/fpsyg.2018.02741 
Schopflocher, D., Taenzer, P., & Jovey, R. (2011). The prevalence of chronic pain in 
Canada. Pain Research & Management : The Journal of the Canadian Pain 
Society, 16(6), 445–450. 
Schroeder, R. (2005). Copresence and Interaction in Virtual Environments: An Overview 
of the Range of Issues. 
Schubert, T. W. (2003). The sense of presence in virtual environments: A three-




Zeitschrift Für Medienpsychologie, 15, 69–71. https://doi.org/10.1026/%2F1617-
6383.15.2.69 
Schuemie, M. J., van der Straaten, P., Krijn, M., & van der Mast, C. A. (2001). Research 
on presence in virtual reality: A survey. Cyberpsychology & Behavior: The Impact 
of the Internet, Multimedia and Virtual Reality on Behavior and Society, 4(2), 
183–201. https://doi.org/10.1089/109493101300117884 
Schutte, N. S., & Stilinović, E. J. (2017). Facilitating empathy through virtual reality. 
Motivation and Emotion, 41(6), 708–712. https://doi.org/10.1007/s11031-017-
9641-7 
Scrimshaw, S. V., & Maher, C. (2001). Responsiveness of visual analogue and McGill 
pain scale measures. Journal of Manipulative and Physiological Therapeutics, 
24(8), 501–504. https://doi.org/10.1067/mmt.2001.118208 
Seinfeld, S., Arroyo-Palacios, J., Iruretagoyena, G., Hortensius, R., Zapata, L. E., 
Borland, D., de Gelder, B., Slater, M., & Sanchez-Vives, M. V. (2018). Offenders 
become the victim in virtual reality: Impact of changing perspective in domestic 
violence. Scientific Reports, 8(1), 2692. https://doi.org/10.1038/s41598-018-
19987-7 
Shahrbanian, S., Ma, X., Korner-Bitensky, N., & Simmonds, M. J. (2009). Scientific 
evidence for the effectiveness of virtual reality for pain reduction in adults with 
acute or chronic pain. Studies in Health Technology and Informatics, 144, 40–43. 
Sharar, S. R., Alamdari, A., Hoffer, C., Hoffman, H. G., Jensen, M. P., & Patterson, D. R. 
(2016). Circumplex Model of Affect: A Measure of Pleasure and Arousal During 





Shih, J. J., Krusienski, D. J., & Wolpaw, J. R. (2012). Brain-Computer Interfaces in 
Medicine. Mayo Clinic Proceedings, 87(3), 268–279. 
https://doi.org/10.1016/j.mayocp.2011.12.008 
Shin, D.-H. (2018). Empathy and embodied experience in virtual environment: To what 
extent can virtual reality stimulate empathy and embodied experience? 
Computers in Human Behavior, 78, 64–73. 
https://doi.org/10.1016/j.chb.2017.09.012 
Simmonds, M. J. (2008). Effects of different virtual reality environments on experimental 
pain threshold in individuals with pain following stroke. 
Skoy, E. T., Eukel, H. N., Frenzel, J. E., Werremeyer, A., & McDaniel, B. (2016). Use of 
an Auditory Hallucination Simulation to Increase Student Pharmacist Empathy for 
Patients with Mental Illness. American Journal of Pharmaceutical Education, 
80(8). https://doi.org/10.5688/ajpe808142 
Slater, M. (2009). Place illusion and plausibility can lead to realistic behaviour in 
immersive virtual environments. Philosophical Transactions of the Royal Society 
B: Biological Sciences, 364(1535), 3549–3557. 
https://doi.org/10.1098/rstb.2009.0138 
Slater, M., Antley, A., Davison, A., Swapp, D., Guger, C., Barker, C., Pistrang, N., & 
Sanchez-Vives, M. V. (2006). A Virtual Reprise of the Stanley Milgram 
Obedience Experiments. PLOS ONE, 1(1), e39. 
https://doi.org/10.1371/journal.pone.0000039 
Slater, M., Lotto, B., Arnold, M. M., & Sanchez-Vives, M. V. (2009). How we experience 
immersive virtual environments: The concept of presence and its measurement. 




Slater, M., Perez-Marcos, D., Ehrsson, H. H., & Sanchez-Vives, M. V. (2008). Towards a 
Digital Body: The Virtual Arm Illusion. Frontiers in Human Neuroscience, 2. 
https://doi.org/10.3389/neuro.09.006.2008 
Slater, M., Perez-Marcos, D., Ehrsson, H. H., & Sanchez-Vives, M. V. (2009). Inducing 
Illusory Ownership of a Virtual Body. Frontiers in Neuroscience, 3(2), 214–220. 
https://doi.org/10.3389/neuro.01.029.2009 
Slater, M., & Sanchez-Vives, M. V. (2016). Enhancing Our Lives with Immersive Virtual 
Reality. Frontiers in Robotics and AI, 3. https://doi.org/10.3389/frobt.2016.00074 
Slater, M., Spanlang, B., Sanchez-Vives, M. V., & Blanke, O. (2010). First Person 
Experience of Body Transfer in Virtual Reality. PLOS ONE, 5(5), e10564. 
https://doi.org/10.1371/journal.pone.0010564 
Slattery, M. (2003). Key Ideas in Sociology. Nelson Thornes. 
Snaith, R. P. (2003). The Hospital Anxiety And Depression Scale. Health and Quality of 
Life Outcomes, 1(1), 29. https://doi.org/10.1186/1477-7525-1-29 
Spallone, V., Morganti, R., D’Amato, C., Greco, C., Cacciotti, L., & Marfia, G. A. (2012). 
Validation of DN4 as a screening tool for neuropathic pain in painful diabetic 
polyneuropathy. Diabetic Medicine: A Journal of the British Diabetic Association, 
29(5), 578–585. https://doi.org/10.1111/j.1464-5491.2011.03500.x 
Spreng, R. N., McKinnon, M. C., Mar, R. A., & Levine, B. (2009). The Toronto Empathy 
Questionnaire. Journal of Personality Assessment, 91(1), 62–71. 
https://doi.org/10.1080/00223890802484381 
SPSS Software. (2020, January 27). https://www.ibm.com/analytics/spss-statistics-
software 
Steele, E., Grimmer, K., Thomas, B., Mulley, B., Fulton, I., & Hoffman, H. (2003). Virtual 




CyberPsychology & Behavior, 6(6), 633–638. 
https://doi.org/10.1089/109493103322725405 
Steptoe, W., Steed, A., & Slater, M. (2013). Human tails: Ownership and control of 
extended humanoid avatars. IEEE Transactions on Visualization and Computer 
Graphics, 19(4), 583–590. https://doi.org/10.1109/TVCG.2013.32 
Stevens, F. L., Hurley, R. A., Taber, K. H., Hurley, R. A., Hayman, L. A., & Taber, K. H. 
(2011). Anterior Cingulate Cortex: Unique Role in Cognition and Emotion. The 
Journal of Neuropsychiatry and Clinical Neurosciences, 23(2), 121–125. 
https://doi.org/10.1176/jnp.23.2.jnp121 
Sumadio, D. D., & Rambli, D. R. A. (2010). Preliminary Evaluation on User Acceptance 
of the Augmented Reality Use for Education. 2010 Second International 
Conference on Computer Engineering and Applications, 2, 461–465. 
https://doi.org/10.1109/ICCEA.2010.239 
Sumitani, M., Miyauchi, S., McCabe, C. S., Shibata, M., Maeda, L., Saitoh, Y., Tashiro, 
T., & Mashimo, T. (2008). Mirror visual feedback alleviates deafferentation pain, 
depending on qualitative aspects of the pain: A preliminary report. Rheumatology 
(Oxford, England), 47(7), 1038–1043. 
https://doi.org/10.1093/rheumatology/ken170 
Sundar, S. S., Kang, J., & Oprean, D. (2017). Being There in the Midst of the Story: How 
Immersive Journalism Affects Our Perceptions and Cognitions. 
Cyberpsychology, Behavior and Social Networking, 20(11), 672–682. 
https://doi.org/10.1089/cyber.2017.0271 
Sutherland, I. E. (1968). A Head-mounted Three Dimensional Display. Proceedings of 





Suzan, E., Aviram, J., Treister, R., Eisenberg, E., & Pud, D. (2015). Individually based 
measurement of temporal summation evoked by a noxious tonic heat paradigm. 
Journal of Pain Research, 8, 409–415. https://doi.org/10.2147/JPR.S83352 
Sveistrup, H. (2004). Motor rehabilitation using virtual reality. Journal of 
NeuroEngineering and Rehabilitation, 1(1), 10. https://doi.org/10.1186/1743-
0003-1-10 
Tait, R. C., Chibnall, J. T., & Krause, S. (1990). The Pain Disability Index: Psychometric 
properties. Pain, 40(2), 171–182. https://doi.org/10.1016/0304-3959(90)90068-O 
Tajadura-Jiménez, A., Banakou, D., Bianchi-Berthouze, N., & Slater, M. (2017). 
Embodiment in a Child-Like Talking Virtual Body Influences Object Size 
Perception, Self-Identification, and Subsequent Real Speaking. Scientific 
Reports, 7(1). https://doi.org/10.1038/s41598-017-09497-3 
Teixeira, M. J., da Paz, M. G. da S., Bina, M. T., Santos, S. N., Raicher, I., Galhardoni, 
R., Fernandes, D. T., Yeng, L. T., Baptista, A. F., & de Andrade, D. C. (2015). 
Neuropathic pain after brachial plexus avulsion—Central and peripheral 
mechanisms. BMC Neurology, 15. https://doi.org/10.1186/s12883-015-0329-x 
Thieme, H., Morkisch, N., Rietz, C., Dohle, C., & Borgetto, B. (2016). The Efficacy of 
Movement Representation Techniques for Treatment of Limb Pain—A 
Systematic Review and Meta-Analysis. The Journal of Pain: Official Journal of 
the American Pain Society, 17(2), 167–180. 
https://doi.org/10.1016/j.jpain.2015.10.015 
Tong, X., Gromala, D., Gupta, D., & Squire, P. (2016). Usability Comparisons of Head-
Mounted vs. Stereoscopic Desktop Displays in a Virtual Reality Environment with 
Pain Patients. MMVR. https://doi.org/10.3233/978-1-61499-625-5-424 
Tong, X., Ulas, S., Jin, W., Gromala, D., & Shaw, C. (2017). The design and evaluation 




Proceedings of the 11th EAI International Conference on Pervasive Computing 
Technologies for Healthcare, 244–250. https://doi.org/10.1145/3154862.3154869 
Tong, X., Wang, X., Cai, Y., Gromala, D., Fan, B., & Wei, K. (2020). “I Dreamed of My 
Hands and Arms Moving Again”: A Case Series Investigating the Effect of 
Immersive Virtual Reality on Phantom Limb Pain Alleviation. Frontiers in 
Neurology, 11. https://doi.org/10.3389/fneur.2020.00876 
Treede, R.-D., Rief, W., Barke, A., Aziz, Q., Bennett, M. I., Benoliel, R., Cohen, M., 
Evers, S., Finnerup, N. B., First, M. B., Giamberardino, M. A., Kaasa, S., Kosek, 
E., Lavandʼhomme, P., Nicholas, M., Perrot, S., Scholz, J., Schug, S., Smith, B. 
H., … Wang, S.-J. (2015). A classification of chronic pain for ICD-11. Pain, 
156(6), 1003–1007. https://doi.org/10.1097/j.pain.0000000000000160 
Triberti, S., Repetto, C., & Riva, G. (2014). Psychological factors influencing the 
effectiveness of virtual reality-based analgesia: A systematic review. 
Cyberpsychology, Behavior and Social Networking, 17(6), 335–345. 
https://doi.org/10.1089/cyber.2014.0054 
Tsakiris, M. (2010). My body in the brain: A neurocognitive model of body-ownership. 
Neuropsychologia, 48(3), 703–712. 
https://doi.org/10.1016/j.neuropsychologia.2009.09.034 
Tse, M. M. Y., Ng, J. K. F., Chung, J. W. Y., & Wong, T. K. S. (2002). The effect of visual 
stimulation via the eyeglass display and the perception of pain. Cyberpsychology 
& Behavior: The Impact of the Internet, Multimedia and Virtual Reality on 
Behavior and Society, 5(1), 65–75. https://doi.org/10.1089/109493102753685890 
Turk, D. C. (2002). Clinical effectiveness and cost-effectiveness of treatments for 




Turk, D. C., & Monarch, E. S. (2018). Biopsychosocial perspective on chronic pain. In 
Psychological approaches to pain management: A practitioner’s handbook, 3rd 
ed (pp. 3–24). The Guilford Press. 
Uritani, D., Nishida, T., Sakaguchi, N., Kawakami, T., Jones, L. E., & Kirita, T. (2018). 
Difference in Response to a Motor Imagery Task: A Comparison between 
Individuals with and without Painful Temporomandibular Disorders. Pain 
Research & Management, 2018, 6810412. https://doi.org/10.1155/2018/6810412 
van Loon, A., Bailenson, J., Zaki, J., Bostick, J., & Willer, R. (2018). Virtual reality 
perspective-taking increases cognitive empathy for specific others. PloS One, 
13(8), e0202442. https://doi.org/10.1371/journal.pone.0202442 
Van Looy, J., Wouters, W., & De Grove, F. (2010). Poverty Is Not a Game (PING): 
Demonstration of a Serious Game about the Experience of Being Poor. Fun and 
Games Proceedings. Fun and Games 2010. http://hdl.handle.net/1854/LU-
1046690 
Ventura, S., Brivio, E., Riva, G., & Baños, R. M. (2019). Immersive Versus Non-
immersive Experience: Exploring the Feasibility of Memory Assessment Through 
360° Technology. Frontiers in Psychology, 10. 
https://doi.org/10.3389/fpsyg.2019.02509 
Villemure, C., & Bushnell, M. C. (2002). Cognitive modulation of pain: How do attention 
and emotion influence pain processing? Pain, 95(3), 195–199. 
Virtual Reality Healthcare | Virtual Therapeutics | United States. (2020). Virtual 
Therapeutics. Retrieved April 8, 2020, from https://www.vthera.com 






Wake, N., Sano, Y., Oya, R., Sumitani, M., Kumagaya, S., & Kuniyoshi, Y. (2015). 
Multimodal virtual reality platform for the rehabilitation of phantom limb pain. 
2015 7th International IEEE/EMBS Conference on Neural Engineering (NER), 
787–790. 
Wang, L., Yuzhou, L., Yingjie, Z., Jie, L., & Xin, Z. (2015). A new rat model of 
neuropathic pain: Complete brachial plexus avulsion. Neuroscience Letters, 589, 
52–56. https://doi.org/10.1016/j.neulet.2015.01.033 
Weidler, D. J., & Clark, E. M. (2011). A Distinct Association: Inclusion of Other in the Self 
and Self-Disclosure. https://doi.org/10.1037/e505232012-005 
Weinel, J., Cunningham, S., & Pickles, J. (2018). Deep Subjectivity and Empathy in 
Virtual Reality: A Case Study on the Autism TMI Virtual Reality Experience (pp. 
183–203). https://doi.org/10.1007/978-3-319-73356-2_11 
Wender, R., Hoffman, H. G., Hunner, H. H., Seibel, E. J., Patterson, D. R., & Sharar, S. 
R. (2009). INTERACTIVITY INFLUENCES THE MAGNITUDE OF VIRTUAL 
REALITY ANALGESIA. Journal of Cyber Therapy and Rehabilitation, 2(1), 27–
33. 
Wiederhold, B. K., Gao, K., Sulea, C., & Wiederhold, M. D. (2014). Virtual reality as a 
distraction technique in chronic pain patients. Cyberpsychology, Behavior and 
Social Networking, 17(6), 346–352. https://doi.org/10.1089/cyber.2014.0207 
Wijma, E. M., Veerbeek, M. A., Prins, M., Pot, A. M., & Willemse, B. M. (2018). A virtual 
reality intervention to improve the understanding and empathy for people with 
dementia in informal caregivers: Results of a pilot study. Aging & Mental Health, 
22(9), 1115–1123. https://doi.org/10.1080/13607863.2017.1348470 
Wilson, M. (2002). Six views of embodied cognition. Psychonomic Bulletin & Review, 




Wispé, L. (1986). The distinction between sympathy and empathy: To call forth a 
concept, a word is needed. Journal of Personality and Social Psychology, 50(2), 
314–321. https://doi.org/10.1037/0022-3514.50.2.314 
Yee, N., Bailenson, J. N., Urbanek, M., Chang, F., & Merget, D. (2007). The Unbearable 
Likeness of Being Digital: The Persistence of Nonverbal Social Norms in Online 
Virtual Environments. CyberPsychology & Behavior, 10(1), 115–121. 
https://doi.org/10.1089/cpb.2006.9984 
Yuan, Y., & Steed, A. (2010). Is the Rubber Hand Illusion Induced by Immersive Virtual 
Reality? Proceedings of the 2010 IEEE Virtual Reality Conference, 95–102. 
https://doi.org/10.1109/VR.2010.5444807 
Zanfir, A.-M., Georgescu, D. I., Turturica, S. C., Eczedi, M., & Mironiuc, A. (2017). 
Immersive VR in Phantom Limb Pain Therapy of Amputee Patients Due to 
Critical Limb Ischemia. Acta Medica Marisiensis, 63(3), 115–120. 
https://doi.org/10.1515/amma-2017-0031 
Zanini, A., Montalti, M., Caola, B., Leadbetter, A. G., & Martini, M. (2017). Pain During 
Illusory Own Arm Movement: A Study in Immersive Virtual Reality. European 
Medical Journal, 2, 90–97. 
Zoe Quinn. (2016). Depression Quest: An Interactive (non)Fiction About Living with 
Depression. Retrieved from http://www.depressionquest.com/ 
Zweighaft, A. R., Slotness, G. L., Henderson, A. L., Osborne, L., Lightbody, S. M., 
Perhala, L. M., Brown, P., Haynes, N., Kern, S. M., Usgaonkar, P. N., Meese, M. 
D., Pierce, S. J., & Gerling, G. J. (2012). A virtual reality ball grasp and sort task 
for the enhancement of phantom limb pain proprioception. 2012 IEEE Systems 





Appendix A.  Research Questionnaires for AS IF 
Studies 
1. Pretest Questionnaire 
[Note: the following 16-item questionnaire is based on the “Compassion Scale” 
(Pommier, 2011), modified for Chronic Pain] 
HOW I TYPICALLY ACT TOWARDS PEOPLE WITH CHRONIC PAIN (PWCP)* 
* Chronic Pain is defined as any pain that lasts longer than six months. With chronic 
pain, signals of pain remain active in the nervous system for months or even years. This 
can take both a physical and emotional toll on a person. 
Please read each statement carefully before answering. To the left of each item, indicate 
how often you behave in the stated manner, using the following scale: 
 
1. If PWCP cry in front of me, I often don’t feel anything at all. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
2. Sometimes if PWCP talk about their problems, I feel like I don’t care. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
  
3. I don’t feel emotionally connected to people in chronic pain. 
Almost                                                                                                     Almost 




1                             2                             3                             4                             5 
 
4. I feel detached from PWCP if they tell me their tales of woe. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
  
5. If I see someone with chronic pain going through a difficult time, I try to be caring 
toward that person. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
  
6. I will tune out if PWCP tell me about their troubles. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
7. I will like to be there for PWCP in times of difficulty. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
8. If I see PWCP feeling down, I feel like I can’t relate to them. 
Almost                                                                                                     Almost 




1                             2                             3                             4                             5 
 
9. Sometimes I am cold to PWCP if they are down and out. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
10. I don’t concern myself with PWCP’s problems. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
11. My heart goes out to PWCP who are unhappy. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
  
12. If I saw PWCP are feeling troubled, I usually will let someone else attend to them. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
13. I don’t think much about the concerns of PWCP. 
Almost                                                                                                     Almost 




1                             2                             3                             4                             5 
 
14. I can’t really connect with other PWCP when they’re suffering. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
  
15. I try to avoid PWCP who are experiencing a lot of pain. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
16. If PWCP feel sadness, I try to comfort them. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
The following question ask you to imagine a scenario and what you would do 
accordingly. 
 
You’re preparing for an important interview for tomorrow. However, a friend who have 
chronic pain ask you if you can help with a ride to airport (a 2 hour drive each way). 
Please indicate how willing are you to help the person?  
 
             1   2   3   4   5   6   7   8   9  10 





The following questions will ask you some personal information regarding chronic pain 
and demographic information. Your answer is completely anonymous. And we will keep 
these information in secure condition. 
Do you know of any families or friends who had ever been diagnosed with chronic pain? 
a. Yes         b.  No   
 
Have you ever been diagnosed with chronic pain before? 
a. Yes          b. No   
b.  
Could you tell us your age? 
_______ 
Could you tell us your gender? 
a. Female                 b. Male              c. Other        d. Prefer not to disclose 
 
2. Post-test Questionnaire 
HOW I TYPICALLY ACT TOWARDS PEOPLE WITH CHRONIC PAIN (PWCP) 
Please read each statement carefully before answering. To the left of each item, indicate 
how often you behave in the stated manner, using the following scale: 
  
1. If PWCP cry in front of me, I often don’t feel anything at all. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
2. Sometimes if PWCP talk about their problems, I feel like I don’t care. 
Almost                                                                                                     Almost 




1                             2                             3                             4                             5 
 
3. I don’t feel emotionally connected to people in chronic pain. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
4. I feel detached from PWCP if they tell me their tales of woe. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
  
5. If I see someone with chronic pain going through a difficult time, I try to be caring 
toward that person. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
  
6. I will tune out if PWCP tell me about their troubles. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
7. I will like to be there for PWCP in times of difficulty. 
Almost                                                                                                     Almost 




1                             2                             3                             4                             5 
 
8. If I see PWCP feeling down, I feel like I can’t relate to them. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
9. Sometimes I am cold to PWCP if they are down and out. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
10. I don’t concern myself with PWCP’s problems. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
11. My heart goes out to PWCP who are unhappy. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
12. If I saw PWCP are feeling troubled, I usually will let someone else attend to them. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 





13. I don’t think much about the concerns of PWCP. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
14. I can’t really connect with other PWCP when they’re suffering. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
  
15. I try to avoid PWCP who are experiencing a lot of pain. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
  
16. If PWCP feel sadness, I try to comfort them. 
Almost                                                                                                     Almost 
Never                                                                                                       Always 
1                             2                             3                             4                             5 
 
The following question ask you to imagine a scenario and what you would do 
accordingly. 
You’re preparing for an important interview for tomorrow. However, a friend who have 
chronic pain ask you if you can help with a ride to airport (a 2 hour drive each way). 
Please indicate how willing are you to help the person?  




Not at all                                            Very willing to help 
 
3. Post-test semi-structured Interview Guide 
Do you have any difficulties while playing the game? If so, what they are? 
What do you think about the game interaction, such as controlling your avatar or 
interacting with the game objects, connecting the dots, etc.? 
Can you describe how the virtual physical limitations on your avatar made you feel? 
While playing the game, what were your physical sensations, if any? While playing the 
game, what were your emotional experiences, if any? 
How do you feel about the “fisheye” lens effect and glowing limbs as a visual 
representation for chronic pain?  
In your opinion, does the game reflect the real patient’s sufferings, i.e.: put you into the 
shoes of chronic pain patients? Why or why not? 
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